
I 

# ’  

NASA Contractor Report 181839 

Low-Speed Flowfield 
Characterization by Infrared 
Measurements of 
Surface Temperatures 

( N A S A - C B - 1 8 1 8 3 9 )  L O H - S P E E D  PLOWFIIELD N89-26206 
C H A R A C T E R I Z A T I O N  BY I N P R A E E D  MEASULEtlEhTS OE 
SUBFACE TEnPEBATURES F i n a l  Report ,  1987 - 
1989 (Old Dominion Univ.) 140 p CSCL 1 4 B  U n c l a s  

G3/35 0219560 

E. Gartenberg, A.S. Roberts, Jr. and G.J. McRee 

Old Dominion University Research Foundation 
Norfolk, Virginia 23529 

Contract NAGI-735 
May 1989 

National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 23665 



SUMARY 

An exper imen ta l  program was aimed a t  i d e n t i f y i n g  areas i n  low speed 

aerodynamic research where i n f r a r e d  imaging systems can make s i g n i f i c a n t  

c o n t r i b u t i o n s .  Implement ing a new technique,  a l o n g  e l e c t r i c a l l y  heated w i r e  

was p laced  across a l a m i n a r  j e t .  By measuring t h e  temperature d i s t r i b u t i o n  

a long t h e  w i r e  w i t h  t h e  IR imaging camera, t h e  f l o w  behav io r  was i d e n t i f i e d .  

Furthermore, u s i n g  Nusse l t  number c o r r e l a t i o n s ,  t h e  v e l o c i t y  d i s t r i b u t i o n  

c o u l d  be deduced. The same approach was used t o  survey wakes behind c y l i n d e r s  

i n  a wind- tunnel .  T h i s  method i s  s u i t e d  t o  i n v e s t i g a t e  f l o w s  w i t h  p o s i t i o n  

dependent v e l o c i t i e s ,  e. g., boundary l a y e r s ,  c o n f i n e d  f l ows ,  j e t s ,  wakes and 

shear l a y e r s .  It was found t h a t  t h e  I R  imaging camera cannot a c c u r a t e l y  t r a c k  

h i g h  g r a d i e n t  temperature f i e l d s .  A c o r r e c t i o n  procedure was dev i sed  t o  

account f o r  t h i s  l i m i t a t i o n .  Other wind- tunnel  exper iments i n c l u d e d  t r a c k i n g  

t h e  development of t h e  l a m i n a r  boundary l a y e r  ove r  a warmed f l a t  p l a t e  by 

measuring t h e  chordwise temperature d i s t r i b u t i o n .  Th is  techn ique  was a p p l i e d  

a l s o  t o  t h e  f low downstream from a rearward f a c i n g  step. F i n a l l y ,  t h e  I R  

imaging system was used t o  s tudy boundary l a y e r  behav io r  o v e r  an a i r f o i l  a t  

angles of a t t a c k  from zero up t o  separa t i on .  The r e s u l t s  were con f i rmed  w i t h  

t u f t s  obse rvab le  bo th  v i s u a l l y  and w i t h  t h e  I R  imaging camera. 
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PREFACE 

T h i s  i s  a r e p o r t  o f  a research  t h a t  was aimed a t  p r o v i n g  concepts,  and as 

such was e x p l o r a t o r y  i n  na tu re .  I n  o r d e r  t o  keep t h e  c o s t  of  t h e  program 

w i t h i n  t h e  ass igned l i m i t s  o f  t h e  budget, some measurements were made w i t h  

dev i ces  t h a t  were r e a d i l y  a v a i l a b l e  i n  t h e  l a b o r a t o r y .  Some of  t hese  dev i ces  

had an accuracy t h a t  may be judged as  t o o  coarse. A t  t h a t  t ime ,  t h e  o p i n i o n  

was t h a t  as l o n g  as t h e  measurement e r r o r s  c o u l d  be e s t a b l i s h e d  q u a n t i t a -  

t i v e l y ,  t hey  s u f f i c e d  f o r  a c h i e v i n g  t h e  research purposes and paved t h e  way 

oped methods t o  t h e i r  own research. f o r  f u t u r e  i n v e s t  g a t o r s  t o  app ly  t h e  deve 

. 
PRECEDlNG PAGE BLANK NOT FILMED 

iii 



TABLE OF CONTENTS 

Page 

SUMMARY ................................................................ i 

PREFACE ................................................................ iii 

NOMENCLATURE ........................................................... v i  

1 . INTRODUCTION ....................................................... 1 
1.1 Research a t  A e r o n a u t i c a l  Establ ishments ....................... 2 

1.1.1 Sweden ................................................. 2 
1.1.2 France 3 
1.1.3 West Germany ........................................... 4 
1.1.4 Japan .................................................. 4 
1.1.5 U.S.A .................................................. 5 

1.2 U n i v e r s i t y  Research ........................................... 8 
1.3 P e r s p e c t i v e  on t h e  L i t e r a t u r e  Survey .......................... 8 
1.4 The Present Work .............................................. 9 

................................................. 

2 . THE PRELIMINARY EXPERIMENT ......................................... 13 
2.1 The Heated Wire Technique ..................................... 13 

2.3 Summary ....................................................... 23 
2.2 Sur face  Measurements f o r  Boundary Layer Research .............. 19 

3 . THE INFRARED IMAGING SYSTEM ........................................ 24 
3.1 Some Usefu l  References ........................................ 24 

3.3 The I n f r a r e d  Imaging Camera ................................... 26 

3.5 The R e s o l u t i o n  Problem ........................................ 31 
3.6 Summary ....................................................... 35 

4 . THE LAMINAR FLOW JET EXPERIMENT .................................... 36 
4.1 The Exper imenta l  Set-Up ....................................... 36 
4.2 The Experiment D e s c r i p t i o n  .................................... 43 
4.3 The F l o w f i e l d  ................................................. 43 
4.4 R e s u l t s  and D iscuss ion  ........................................ 48 
4.5 Summary ....................................................... 65 

5.1 The Exper imenta l  Set-Up ....................................... 67 
5.2 The Experiment D e s c r i p t i o n  .................................... 69 
5.3 R e s u l t s  and D iscuss ion  ........................................ 72 
5.4 The I n f r a r e d  Imaging System as a CFD Codes 

V a l i d a t i o n  Tool ............................................... 81 
5.5 Summary ....................................................... 86 

3.2 The I n f r a r e d  Imaging System .................................... 25 

3.4 P h y s i c a l  Aspects o f  t h e  Camera Opera t i on  ...................... 27 

5 . THE FLAT PLATE EXPERIMENT .......................................... 67 

6 . BOUNDARY LAYER REGIMES ON A NACA 0012 AIRFOIL ...................... 88 
6.1 The Experiment Viewed i n  Perspec t i ve  .......................... 88 
6.2 The Exper imenta l  Set-Up ....................................... 89 

i v  



. 

. 

6.3 The Experiment D e s c r i p t i o n  .................................... 93 
6.4 Resu l t s  and D iscuss ion  ........................................ 95 
6.5 Summary ....................................................... 107 

7 . CLOSURE ............................................................ 108 
7.1 Review of t h e  Main R e s u l t s  .................................... 108 
7.2 Recommendations f o r  Fu tu re  Work ............................... 112 
7.3 Conclus ions ................................................... 114 

REFERENCES ............................................................. 115 

APPENDICES ............................................................. 120 

A THE LAMINAR FLOW JET EXPERIMENT ................................. 121 
A 1  E r r o r  C a l c u l a t i o n s  .......................................... 121 
A2 M isce l l aneous  C a l c u l a t i o n s  .................................. 123 
A3 Approx imat ing Func t ions  f o r  t h e  Wire Temperature 

D i s t r i b u t i o n s  ............................................... 126 

B THE FLATE PLATE EXPERIMENT ...................................... 128 . 
B 1  E r r o r  C a l c u l a t i o n s  .......................................... 128 
B2 M isce l l aneous  C a l c u l a t i o n s  .................................. 129 

V 



NOHENCLATURE 

A 

C 

C f  

CO 

d 

e 

F 

G r  

h 

Nu 

P 

P 

P r  

cross s e c t i o n  area 
o r  c i  rcumferent  i a1 area 

s p e c i f i c  heat  
o r  constant  i n  t h e  power f u n c t i o n  f rees t ream v e l o c i t y  d i s t r i b u t i o n  

s k i n  f r i c t i o n  c o e f f i c i e n t  

speed o f  l i g h t  i n  vacuum 

d i ameter 

r a d i a t i o n  emiss i ve  power 

body f o rce  

Grashof number 

convec t i ve  heat t r a n s f e r  c o e f f i c i e n t  
o r  Plank cons tan t  

thermal  va lue  

e l e c t r i c a l  c u r r e n t  

thermal  conduct i v i  t y  
o r  Boltzmann cons tan t  
o r  cons tan t  i n  t h e  power f u n c t i o n  w a l l  temperature d i s t r i b u t i o n  

1 ength 

mass 

photon emi t tance  number 

medium index o f  r e f r a c t i o n  
o r  degrees o f  freedom 

Nusse l t  number 

number o f  t h e  c o e f f i c i e n t s  f i t  i n  t h e  r e g r e s s i o n  e q u a t i o n  

p ressu re  

Prandt 1 number 

heat g e n e r a t i o n  r a t e  

heat  f 1 ux 

p i p e  r a d i u s  
o r  e l e c t r i c a l  r e s i s t a n c e  

v i  



Ra Ray le igh  number 

Re Reynolds number 

r r a d i a l  p o s i t i o n  

r 2  s t a t i s t i c a l  c o e f f c i e n t  f det 

S a i r f o i l  su r face  a r c  l e n g t h  

S t  S tan ton  number 

T tempera ture  

U f r e e s t  ream v e l  oc i t y  

X 

Greek Symbols 

d i s t a n c e  f rom t h e  l e a d i n g  edge 

U 

6 

E 

e 
h 

P 

V 

P 

U 

@ 

thermal  d i f f u s i v i t y  
o r  ang le  o f  a t t a c k  

boundary l a y e r  t h i c k n e s s  

emi t tance  

reduced w a l l  tempera ture  

r a d i a t i o n  wavelength 

abso lu te  v i s c o s i t y  o f  t h e  a i r  

k inemat i c  v i s c o s i t y  of t h e  a i r  
o r  photon frequency 

d e n s i t y  

Stefan-Boltzmann cons tan t  
o r  s tandard  d e v i  a t  i on 

v iscous  d i s s i p a t i o n  f u n c t i o n  

S u b s c r i p t s  

a a i  r 

r m i  n a t  i on 

b b l a c k  body r a d i a t i o n  

C va lue  based on chord  l e n g t h  

v i  i 



D va lue  based on d iameter  

f va lue a t  f i l m  tempera ture  

V cons tan t  volume va lue  

W w a l l  

X 

A r a d i a t i o n  s p e c t r a l  va lue  

CD f rees t ream p r o p e r t y  

va lue  based on d i s t a n c e  f rom t h e  l e a d i n g  edge 

v i i i  



1 

Chapter  1 

INTRODUCTION 

A q u a r t e r  o f  a cen tu ry  a f t e r  i n f r a r e d  imaging systems were i n t roduced  

commerc ia l ly ,  t h e y  a r e  s t i l l  r a r e l y  used i n  aerodynamic research.  The 

p e r c e p t i o n  o f  these systems as an e x o t i c  t o o l  l i m i t e d  t h e i r  a p p l i c a t i o n  t o  a 

few s p e c i f i c  tasks .  Th is  r e a l i t y  i s  roo ted  i n  t h e  h i s t o r y  and i n  t h e  everyday 

p r a c t i c e  o f  a e r o n a u t i c a l  eng ineer ing .  Since t h e  p r i m a l  i n t e r e s t  i s  on t h e  

f o r c e s  a c t i n g  on a g i v e n  body, pressure measurements come o u t  a s  t h e  n a t u r a l  

measurements cho ice .  Th is  t r a d i t i o n a l  approach i s  ve ry  u s e f u l  i n  des ign  

s t u d i e s  t h a t  a r e  m a i n l y  concerned w i t h  fo rces  and moments impressed on t h e  

body by t h e  e x t e r n a l  f low. However, i t  has l i t t l e  t o  o f f e r  when i t  comes t o  

unders tand ing  and a n a l y z i n g  t h e  i n t e r a c t i o n  between t h e  body and t h e  v i scous  

f l u i d  t h a t  t akes  p l a c e  th rough t h e  boundary l a y e r .  When viewed g l o b a l l y ,  t h e  

two views are ,  of course,  i n te rconnec ted  because t h e  geometry o f  t h e  body and 

t h e  f reest ream v e l o c i t y  w i  11 de termine n o t  o n l y  t h e  pressure-dependent f o r c e s  

b u t  a l s o  t h e  c h a r a c t e r  o f  t h e  boundary l a y e r  whether l am ina r ,  t u r b u l e n t ,  o r  

separated. I n  t h e  case o f  a t tached  boundary l a y e r  f l o w ,  i t s  regime, whether 

l am ina r  o r  t u r b u l e n t ,  w i  11 de termine t h e  magnitude o f  t h e  s k i n  f r i c t i o n  

drag. However, a separated boundary l a y e r  comp le te l y  a l t e r s  t h e  e x t e r n a l  

f l o w f i e l d  about t h e  body and t o t a l l y  changes t h e  p ressu re  d i s t r i b u t i o n  on 

it. Thus, t h e r e  i s  t h e  need f o r  a compl imentary  measurement techn ique  t h a t  

w i l l  o f f e r  i n s i g h t  i n t o  t h e  whole p i c t u r e  of  t h e  f l u i d - b o d y  i n t e r a c t i o n .  

I n  t h e  same way t h a t  t h e  p ressu re  d i s t r i b u t i o n  r e f l e c t s  t h e  momentum 

exchange between a f l u i d  and a body, t h e  tempera ture  d i s t r i b u t i o n  r e f l e c t s  t h e  

energy exchange between t h e  two. The d i f f e r e n c e  i s  t h a t  t h e  energy exchange 

process i s  r e l a t e d  t o  a l l  o f  t h e  i n t e r a c t i o n  aspec ts  r e l a t e d  t o  t h e  e x t e r n a l  
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f l o w ,  t h e  boundary l a y e r  f l o w  and t h e  s u b s t r a t e  thermal  d i f f u s i o n .  Th is  

aspect was recognized a long t i m e  ago and l e d  d i r e c t l y  t o  t h e  i n t r o d u c t i o n  o f  

h o t - w i r e  and h o t - f i l m  gages f o r  boundary l a y e r  research. However, t hese  

sensors ( l i k e  most o f  t h e  o t h e r s )  can p r o v i d e  i n f o r m a t i o n  t h a t  can be r e l a t e d  

o n l y  t o  t h e i r  l o c a t i o n s ,  and t h i s  i s  one o f  t h e i r  shortcomings. I t  i s  t h e  

c a p a b i l i t y  o f  i n f r a r e d  imaging systems t o  scan l a r g e  areas i n  a dynamic 

fashion, and produce q u a n t i t a t i v e  r e s u l t s  r e l a t e d  t o  t h e  s u r f a c e  tempera tu re  

t h a t  make them an a t t r a c t i v e  a l t e r n a t i v e  aerodynamic research  t o o l .  

U n f o r t u n a t e l y ,  c o n s e r v a t i v e  t h i n k i n g  p layed a ma jo r  r o l e  i n  t h e  f a i l u r e  t o  

recogn ize  t h e  f u l l  r esea rch  p o t e n t i a l  o f  t hese  systems. The f o l l o w i n g  

l i t e r a t u r e  survey w i l l  p o i n t  t o  t h e  ve ry  few a p p l i c a t i o n s  t h e  i q f r a r e d  imaging 

systems have seen. The survey i s  d i v i d e d  i n  two p a r t s :  a e r o n a u t i c a l  research  

es tab l i shmen ts  and u n i v e r s i t i e s .  The b i g  gap i n  f i n a n c i a l ,  manpower and t i m e  

resources between t h e  two had a c l e a r  impsct on t h e  span o f  t h e  research  

ou tpu t .  

1.1 Research a t  Aeronautical Establishments 

1.1.1 Sweden 

It seems t h a t  t h e  f i r s t  use o f  an i n f r a r e d  imaging system f o r  aerodynamic 

research was made a t  t h e  A e r o n a u t i c a l  Research I n s t i t u t e  o f  Sweden by Thomann 

and F r i s k *  (1967) which used an I R  system t o  measure s u r f a c e  temperatures on a 

model i n  a hyperson ic  wind t u n n e l  and t o  deduce hea t  t r a n s f e r  r a t e s  f rom t h e  

data. For  reduc ing  t h e  d a t a ,  t h e  m a t e r i a l  beneath t h e  model 's  s k i n  was 

assumed t o  be a s e m i - i n f i n i t e  s lab.  Th is  a l l owed  t o  use wel l -known a n a l y t i c a l  

* 
Complete c i t a t i o n s  a r e  found i n  t h e  a l p h a b e t i c a l  l i s t  o f  re fe rences  s e c t i o n .  
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r e s u l t s  from t h e  heat-conduct ion t h e o r y  (e.g., Ecke r t  and Drake, 1972, pp. 

168-176). T h i s  concept and t h e  d a t a  r e d u c t i o n  method was l a t e r  adopted w i t h  

l i t t l e  o r  no change a t  a l l  by most o f  t h e  groups work ing on t h i s  s u b j e c t .  

However, Thomann and F r i s k  were n o t  t h e  f i r s t  i n v e s t i g a t o r s  t o  make t h e  semi- 

i n f i n i t e  s l a b  assmupt ion t o  deduce heat t r a n s f e r  r a t e s  f rom s u r f a c e  

temperature measurements. Th is  i dea  was borrowed from the  phase change p a i n t  

t echn ique  which l a t e r  evolved i n t o  t h e  thermographic  phosphorescent p a i n t  

technique.  The i n t e r e s t e d  reader  can c o n s u l t  Jones and Hunt (1966) and 

Throckmorton (1972) r e g a r d i n g  t o  t h e  da ta  r e d u c t i o n  procedures o r i g i n a t i n g  

f rom t h i s  technique.  

1.1.2 France 

The French a t  t h e  O f f i c e  N a t i o n a l  d 'Etudes e t  de Recherches A e r o s p a t i a l e s  

(ONERA) ,  were t h e  f i r s t  t o  r e a l i z e  t h e  p o t e n t i a l  o f  i n f r a r e d  imaging systems 

t o  d e t e c t  t h e  l a m i n a r  t o  t u r b u l e n t  boundary l a y e r  t r a n s i t i o n  i n  t h e  low 

subsonic regime (Bouchardy e t  al., 1983). Th is  a p p l i c a t i o n  i s  made p o s s i b l e  

by t h e  f a c t  t h a t  a t  t h e  t r a n s i t i o n  p o i n t  t h e r e  i s  an o r d e r  o f  magnitude 

i n c r e a s e  i n  t h e  c o n v e c t i v e  heat  t r a n s f e r  ra te .  Thus, t h e  t r a n s i t i o n  l i n e  can 

be seen on an i n f r a r e d  imaging system d i s p l a y  as a jump i n  t h e  s k i n  

tempera tu re  go ing  from low values i n  t h e  l am ina r  zone t o  h i g h  va lues i n  t h e  

t u r b u l e n t  zone, where t h e  s k i n  temperature i s  i n t i a l l y  a t  t h e  f r e e  s t ream 

temperature.  Because a t  v e r y  low Mach numbers t h e  temperature d i f f e r e n c e s  may 

n o t  have been h i g h  enough t o  generate a good c o n t r a s t  on t h e  IR thermography, 

t h e  a u t h o r s  analyzed t h e  raw d a t a  by a p p l y i n g  d i g i t a l  image p r o c e s s i n g  

techniques.  The e f f o r t  was b e n e f i c i a l  t o  o t h e r  researchers as w e l l ,  who made 

success fu l  use o f  t h a t  c a p a b i l i t y  ( S c h m i t t  and Chanetz, 1985). L a t e l y ,  t h e  

e f f o r t  a t  ONERA i s  concen t ra ted  on deve lop ing  t h i s  method f o r  use i n  c r y o g e n i c  
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wind t u n n e l s  t h a t  w i l l  a l l o w  t r a n s i t i o n  s t u d i e s  a t  h i g h e r  Reynolds numbers i n  

ground t e s t  f a c i l i t i e s .  A f i r s t  e f f o r t  i n  t h i s  d i r e c t i o n  was t o  c a r r y - o u t  

exper iments a t  240K. A s h o r t  and s u c c i n c t  enumerat ion of t h e  d i f f i c u l t i e s  

encountered when making I R  measurements i n  c ryogen ic  environments i s  g i v e n  by 

Seraudie e t  a l .  (1988). A f u r t h e r  c o n t r i b u t i o n  t o  t h e  use of  i n f r a r e d  imaging 

systems was made by Balageas and Ory (19853, who reviewed t h e  p r e v i o u s l y  

mentioned s e m i - i n f i n i t e  s l a b  assumption and showed i n  which cases i t  can lead  

t o  s i g n i f i c a n t  e r r o r s .  To r e f i n e  t h e  c a l c u l a t i o n  methods, a techn ique  was 

developed t h a t  t akes  i n t o  account t h e  c u r v a t u r e  of t h e  wing, i t s  s k i n  

th i ckness ,  as w e l l  as t h e  thermal  boundary c o n d i t i o n s  a t  t h e  back o f  t h e  sk in .  

1.1.3 West Germany 

Accord ing t o  a survey by Mordoff (1988), t h e  Deutsche Forschungs-und 

Versuchsans ta l t  f u r  Lu f t -und  Raumfahrt (DFVLR) conducts an e x t e n s i v e  and 

sys temat i c  exper imen ta l  program designed t o  p repare  a d a t a  base o f  f l o w  regime 

c h a r a c t e r i s t i c s  o f  wings and a i r f o i l s .  The program i n c l u d e s  bo th  wind t u n n e l  

and f l i g h t  t e s t s  (Quas t ,  1987),  t h e  i n f r a r e d  imaging system be ing  t h e  

t r a n s i t i o n  d e t e c t i o n  t o o l .  Laminar f l o w  d a t a  were recorded a i  Mach numbers 

v a r y i n g  up t o  0.7, a l t i t u d e s  up t o  10,000 m and sweep angles up t o  23 

degrees. F u r t h e r  t e s t s  a re  p lanned t o  be c a r r i e d  o u t  i n  o r d e r  t o  expand t h e  

range o f  t h e  parameters o f  i n t e r e s t .  

1.1.4 Japan 

A s tudy  concern ing t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  o f  i n j e c t i o n  f rom 

m u l t i r o w  holes was c a r r i e d  o u t  a t  t h e  N a t i o n a l  Aerospace Labora to ry  by Sasaki 

e t  a l .  (1979). I n  t h i s  s tudy,  an i n f r a r e d  imaging system was used as a 

v i s u a l i z a t i o n  means f o r  t h e  spreading o f  t h e  i n j e c t i o n  f l u i d .  A l l  t h e  

temperature measurements were done by thermocouples and t h e i r  r e s u l t s  were 
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compared w i t h  t h e  thermographies i n  o r d e r  t o  de te rm ine  t h e  c o o l i n g  

e f f e c t i v e n e s s  of  t h e  va r ious  c o n f i g u r a t i o n s  be ing  t e s t e d  ( s i m p l e  versus 

m u l t i r o w  h o l e s ) .  The research was performed i n  suppor t  o f  j e t  engines t u r b i n e  

des ign  e f f o r t s ,  b u t  no d i r e c t l y  a p p l i c a b l e  r e s u l t s  have been repo r ted .  

1.1.5 U.S.A. 

Most o f  t h e  i n f r a r e d  imaging systems a p p l i c a t i o n s  i n  a e r o n a u t i c a l  

e n g i n e e r i n g  r e p o r t e d  by n a t i o n a l  l a b o r a t o r i e s  a re  l i n k e d  t o  t h e  Space S h u t t l e  

program. The b e g i n n i n g  goes back t o  the  i n i t i a l  des ign  phases o f  t h e  s h u t t l e  

when t h e  p r e d i c t i o n  of  t h e  heat  t r a n s f e r  r a t e s  d u r i n g  t h e  e n t r y  phase were o f  

m a j o r  concern. The f i r s t  exper iments were performed by Compton (1972) a t  NASA 

Ames. This  exper imen ta l  program was ve ry  s i m i l a r  t o  t h a t  o f  Thomann and F r i s k  
\ 

(1967)  i n  Sweden, except  f o r  t h e  f a c t  t h a t  e x t e n s i v e  use o f  computers was made 

f o r  b o t h  d a t a  a q u i s i t i o n  and da ta  reduc t i on .  However, t h e  b u l k  o f  t h e  

exper iments were c a r r i e d  o u t  l a t e r  on a t  A rno ld  A i r  Force S t a t i o n  i n  

Tennessee. The i n i t i a l  s tudy and set-up of t h e  exper imen ta l  system was done 

by Bynum. e t  a l .  (1976) .  The s tudy,  which p r o v i d e d  s u r f a c e  temperatures and 

heat  t r a n s f e r  da ta ,  was s t i l l  genera l  i n  n a t u r e ,  t h e  measurements b e i n g  

performed on a cone and a hemisphere a t  a Mach number o f  8.0. L a t e r ,  

S t a l l i n g s  and Carver (1978) embarked on a program t o  make hea t  t r a n s f e r  

measurements on Space S h u t t l e  s c a l e  models, u s i n g  an i n f r a r e d  imaging system 

and t h e  phase-change p a i n t  method. Besides t h e  obv ious and o r i g i n a l  

c o n t r i b u t i o n  t o  t h e  Space S h u t t l e  des ign,  t h i s  group was t h e  f i r s t  t o  r e p o r t  

t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  i n f r a r e d  imaging system measurements. I n  a 

v e r y  e x t e n s i v e  t e s t i n g  program, Boylan e t  a l .  (1978) eva lua ted  t h e  i n f l u e n c e  

o f  t h e  i n f r a r e d  imaging system o p t i c s  on t h e  o v e r a l l  performance. It was a l s o  

showed t h a t  t h e  system c a p a b i l i t y  t o  map a s tep  temperature change a long  t h e  
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scanning d i r e c t i o n  i s  much poore r  than across i t .  Tests were a l s o  c a r r i e d  o u t  

t o  determine t h e  system s p a t i a l  r e s o l u t i o n  u s i n g  d i f f e r e n t  s i z e  c i r c u l a r  

t a r g e t s  a t  t h e  same temperature.  Furthermore, an e x t e n s i v e  measurement e r r o r  

a n a l y s i s  was c a r r i e d  o u t  based on t h e  work o f  C a r t e r  (1975).  From a l l  t h e  

a e r o n a u t i c a l  e n g i n e e r i n g  groups us ing  i n f r a r e d  imaging systems, t h e  group a t  

A rno ld  A i r  Force S t a t i o n  p r o b a b l y  accomplished t h e  most comprehensive a n a l y s i s  

concern ing t h e  performance and l i m i t a t i o n s  o f  t h i s  system i n  w ind - tunne l  

t e s t i n g s .  I n  two o t h e r  papers,  S t a l l i n g s  e t  a l .  (1979) and S t a l l i n g s  and 

Whetsel (1982) repeated some o f  t h e  f i n d i n g s  r e p o r t e d  i n  t h e  p r e v i o u s  paper.  

Using t h e  knowledge and f a c i l i t i e s  developed a t  A rno ld  A i r  Force S t a t i o n ,  

M a r t i n e z  e t  a l .  (1978) performed h e a t i n g  exper iments and measurements u s i n g  an 

i n f r a r e d  imaging system on a 0.040 s c a l e  model o f  t h e  Space Shuttle. These 

measurements served t h e  Rockwel l  Co rpo ra t i on  i n  t h e  d e s i g n  o f  t h e  the rma l  

p r o t e c t i o n  system o f  t h e  o r b i t e r  and can be considered as one o f  t h e  v e r y  few 

b u t  nonetheless g r e a t  c o n t r i b u t i o n s  us ing  an i n f r a r e d  imaging system i n  

a e r o n a u t i c a l  eng inee r ing .  Hender and Okabe (1983) made f u r t h e r  use o f  t h a t  

e x p e r t i s e . t o  c a r r y  o u t  h e a t i n g  measurements on a wedge t y p e  model made o f  an 

e las tomer  bonded t o  an a lumin ium base. It was found t h a t  f o r  t h e  wedge 

c o n f i g u r a t i o n ,  t h e  s e m i - i n f i n i t e  s l a b  assumption breaks down when deducing 

heat  t r a n s f e r  data.  A l though  t h e  outcome c o u l d  be p r e d i c t e d  a p r i o r i ,  i t s  

e x t e n t  cou ld  h a r d l y  be so, and f o r  such cases an i n f r a r e d  imaging system may 

be t h e  cheapest and f a s t e s t  means t o  o b t a i n  q u a n t i t a t i v e  data.  

Two o t h e r  a p p l i c a t i o n s  r e l a t i n g  t o  t h e  Space S h u t t l e ,  concern mapping 

s u r f a c e  temperatures d u r i n g  t h e  e n t r y  phase. I n  one of  them, t h e  temperatures 

on t h e  windward s i d e  of  t h e  o r b i t e r s  were measured w i t h  a t e l e s c o p i c  i n f r a r e d  

imaging system mounted on an a i  rbo rne  obse rva to ry .  The f e a s i  b i  1 i t y  a n a l y s i s  

was performed by Swenson and Edsinger  (1977). L a t e r ,  Chocol (1979)  reviewed 
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t h a t  s tudy i n  t h e  l i g h t  o f  t h e  f o l l o w i n g  experiment o b j e c t i v e s :  ( a )  determ 

t h e  a c t u a l  h e a t i n g  r a t e  d i s t r i b u t i o n  on t h e  lower su r face ,  ( b )  t h e  l o c a t i o n  
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t h e  boundary l a y e r  t r a n s i t i o n ,  and ( c )  l o c a t i o n  and e x t e n t  o f  f l o w  s e p a r a t i o n  

i n  f r o n t  of t h e  c o n t r o l  sur faces.  Green e t  a l .  (1983)  g i v e  a d e t a i l e d  

d e s c r i p t i o n  of  how t h e  system works, t o g e t h e r  w i t h  a few r e p r e s e n t a t i v e  

r e s u l t s .  However, no d e t a i l e d  p r e s e n t a t i o n  o f  t h e  r e s u l t s  o r  t h e i r  p r o c e s s i n g  

fo l l owed  up. Meanwhile, t h i s  research was cance l l ed ,  on f i n a n c i a l  grounds. 

I n  a second and comp le te l y  separate exper iment,  t h e  o b j e c t i v e  was s e t  t o  be 

t h e  measurement o f  s u r f a c e  temperatures on t h e  l e e s i d e  o f  t h e  s h u t t l e .  I n  

t h i s  case, an i n f r a r e d  imaging system i s  mounted i n  a pod on t h e  t a i l  o f  t h e  

Space S h u t t l e  Columbia, from where i t  scans t h e  o r b i t e r ' s  wings and fuselage.  . 

T h i s  exper iment  i s  o f  i n t e r e s t  because o f  t h e  h i g h l y  v o r t i c a l  n a t u r e  o f  t h e  

separated f l o w  ove r  t h e  wings which would impinge on t h e  l e e s i d e  su r faces .  

The f i n a l  o b j e c t i v e  i s  t o  compare t h e  measurements w i t h  r e s u l t s  o f  CFD codes 

(Anon, A v i a t i o n  Week and Space Technology, Dec. 7, 1987). As i n  t h e  p r e v i o u s  

case, no r e s u l t s  have y e t  been p u b l i s h e d  f rom t h i s  un ique  exper iment .  

C o n t r i b u t i n g  t o  t h e  d e s i g n  o f  t h e  pod, heat t r a n s f e r  measurements were 

per formed by Nutt (1979).  The r a d i a t i o n  e s t i m a t i o n  c a l c u l a t i o n s  were done by 

Myrick and Kan ts ios  (1982); t h e  d e s c r i p t i o n  of t h e  i n f r a r e d  imaging system i s  

g i v e n  by  M y r i c k  and Throckmorton (1985); and, t h e  o v e r a l l  exper iment  

d e s c r i p t i o n  i s  p r o v i d e d  by Throckmorton e t  a l .  (1985). 

Two more no tewor thy  papers r e l a t e d  t o  i n f r a r e d  imaging a p p l i c a t i o n s  t o  

f l i g h t  t e s t i n g  a r e :  one by Brandon, e t  a l .  (1988) from NASA Langley Research 

Cen te r  i n  which r e s u l t s  r e l a t i n g  t o  i n - f l i g h t  t r a n s i t i o n  d e t e c t i o n  as w e l l  as 

mapping a v o r t e x  " f o o t p r i n t "  on t h e  a i r p l a n e  wing a r e  descr ibed.  Another 

paper  i s  by F l a i g  (1977)  f rom t h e  Naval A i r  Systems Command, i n  which an 

i n f r a r e d  imaging system was used t o  map exhaust gases f rom a h o v e r i n g  VTOL 
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a i r c r a f t  and some h e l i c o p t e r s .  The r e s u l t s  show t h e  ve ry  comp l i ca ted  a i r f l o w  

p a t t e r n s  t h a t  develop i n  ground e f f e c t  and a t  low speeds. No f o l l o w - u p  o f  

t h i s  experiment c o u l d  be found. 

1.2 University Research 

A p p l i c a b l e  re fe rences  f r o m  u n i v e r s i t i e s  around t h e  wor ld  are ve ry  meager. 

Most of t h e  i n v e s t i g a t i o n s  were done i n  t h e  U n i t e d  S ta tes .  It seems t h a t  

Champagne e t  a l .  (1967) vJere f i r s t  t o  use a microscope-pyrometer t o  make 

temperature measurements a long  a scaled-up h o t - w i r e  probe t o  determine t h e  

e x t e n t  o f  t h e  heat  conduc t ion  t o  t h e  suppor ts .  Meroney (1978) used an 

i n f r a r e d  imaging system t o  make heat  t r a n s f e r  s t u d i e s  on model b u i l d i n g s  i n  a 

wind tunne l .  He proved t h e  concept by e s t i m a t i n g  c o n v e c t i o n  heat  t r a n s f e r  

c o e f f i c i e n t s  b u t  d i d n ' t  proceed f u r t h e r  because o f  l a c k  o f  a s u i t a b l e  da ta  

p rocess ing  system. Page e t  a l .  (1986) used an i n f r a r e d  imaging system t o  

determine t h e  temperature d i s t r i b u t i o n  i n  a heated j e t  a t  t h e  s t a g n a t i o n  p o i n t  

reg ion.  A s i m i l a r  research was done by Carlomagno and De Luca (1986) i n  I t a l y  

expanding t h e  research t o  an a r r a y  of  j e t s  and d e t e r m i n i n g  heat  t r a n s f e r  

c o e f f i c i e n t s  f rom t h e  tempera tu re  measurements. F i n a l l y ,  Spence (1986) used 

t h e  i n f r a r e d  thermography t o  determine heat  t r a n s f e r  c o e f f i c i e n t s  on double 

wedge j e t  vanes used f o r  m i s s i l e s  t h r u s t  v e c t o r  c o n t r o l .  

1.3 Perspective on the L i terature  Survey 

The p a u c i t y  o f  works documented i n  a r c h i v a l  j o u r n a l s  i s  a good i n d i c a t i o n  

r e g a r d i n g  t h e  i m m a t u r i t y  o f  t h e  i n f r a r e d  imaging method i n  aerodynamic 

research. Only t h r e e  works, o u t  of a l l  t hose  reviewed, have been documented 

i n  recognized s c i e n t i f i c  j o u r n a l s  (egg. ,  I n t .  J. Heat Mass T r a n s f e r ,  J. F l u i d  

Mechanics, A I A A  J.) .  Furthermore, t h e  r e l a t i v e l y  l o n g  r e f e r e n c e  l i s t  reviewed 

i n  t h i s  chap te r  i s  m i s l e a d i n g  w i t h  rega rd  t o  i t s  usefulness. The papers 
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concerned w i t h  t h e  s h u t t l e  e n t r y  measurements concen t ra te  on t e c h n i c a l  

d e s c r i p t i o n s  of t h e  systems arld t h e  p r o j e c t e d  exper iments b u t  g i v e  no 

r e s u l t s .  The o t h e r  papers e i t h e r  go i n t o  l eng thy  d e s c r i p t i o n s  of  t h e  i n f r a r e d  

imaging sytem i t s e l f ,  or  use them t o  produce a r t i f i c i a l l y  co lo red  p i c t u r e s ,  

w h i l e  t h e  q u a n t i t a t i v e  da ta  was e i t h e r  acqu i red  o r  heavi  l y  backed-up by 

thermocouples. Each one o f  t h e  references adds 2 l i t t l e  b i t  o f  i n f o r m a t i o n ,  

bu t  none of  them g i v e s  a complete p i c t u r e ,  and t h i s  i s  t h e  reason why every 

s i n g l e  re fe rence t h a t  was found was l i s t e d .  O f  a l l  t h e  re fe rences ,  t h e  most 

use fu l  ones a r e  those  o f  Boylan e t  a l .  (1978) f rom Arnold A i r  Force S t a t i o n ,  

Tennessee, and Quast  (1987) f rom DFVLR i n  West Germany. 

1.4 The Present  Work 

Cons ider ing  t h e  p o t e n t i a l  a p p l i c a t i o n s  o f  i n f r a r e d  imaging systems i n  

aerodynamic research,  t h e r e  a r e  a t  l e a s t  two d i s t i n c t  pa ths  t h a t  may be 

fo l l owed .  The f i r s t  and t h e  s i m p l e s t  one i s  t o  f o l l o w  t h e  Reynolds analogy 

between t h e  heat  t r a n s f e r  and t h e  s k i n  f r i c t i o n .  Temperature measurements can 

be per formed i n  o r d e r  t o  deduce Stan ton  numbers and subsequent ly  s k i n  f r i c t i o n  

c o e f f i c i e n t s .  T h i s  approach works in f u l l y  developed lam ina r  and t u r b u l e n t  

f l o w s ,  b u t  i t  i s  not a p p l i c a b l e  i n  t h e  r e g i o n  of t h e  t r a n s i t i o n  i t s e l f  and i n  

separa ted  f lows.  

The second approach i s  more fundamental and goes back t o  t h e  b a s i c s  o f  

t h e  c o n v e c t i v e  heat  t r a n s f e r .  As i s  w e l l  known, t h e  d imens ion less  heat  

t r a n s f e r  c o e f f i c i e n t ,  t h e  Nusse l t  number (Nu), i s  u s u a l l y  expressed as a 

f u n c t i o n  o f  t h e  Reynolds number (Re) and t h e  P r a n d t l  number ( P r ) :  

Nu = Constant  Rem P r n  
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For a cons tan t  P r a n d t l  number, which i s  f r e q u e n t l y  t h e  case i n  aerodynamics, 

Eq. (1.1) can be r e w r i t t e n  as 

m 
- -  - Constant  !TI I l e x  , Om<l K a a 

L e t ' s  assume a cons tan t  p r o p e r t i e s  f l ows ,  as i s  t h e  case i n  t h e  subson ic  

regime where t h e  tempera ture  d o e s n ' t  change apprec iab l y  th roughout  t h e  

f l o w f i e l d .  Then, Eq. (1.2) can be expressed 

h = h (U,  x )  (1 .3)  

where h i s  t h e  l o c a l  heat  t r a n s f e r  c o e f f i c i e n t ,  x i s  t h e  c o o r d i n a t e  l o c a t i o n  

of t h e  p o i n t  o f  i n t e r e s t  on t h e  c o n f i g u r a t i o n  surface, ka  i s  t h e  a i r  

c o n d u c t i v i t y ,  U i s  t h e  l o c a l  f rees t ream v e l o c i t y  and va i s  t h e  a i r  k i n e m a t i c  

v i s c o s i t y .  Th i s  exp ress ion  shows t h a t  t h e  l o c a l  heat  t r a n s f e r  c o e f f i c i e n t ,  h ,  

between a sur face  and a su r round ing  f l o w  i s  a f u n c t i o n  o f  t h e  f rees t ream f l o w  

v e l o c i t y  and t h e  c o n f i g u r a t i o n  geometry, x ,  i f  t h e  a i r  p r o p e r t i e s  remain 

cons tan t .  On t h e  o t h e r  hand, t h e  heat  t r a n s f e r  c o e f f i c i e n t  h i s  d e f i n e d  by 

Newton's law: 

4;' = . h (Tw - T,) 

where q;' 

T 

i s  t h e  l o c a l  heat  f l u x ,  Tw i s  t h e  l o c a l  w a l l  tempera ture  and 

is t h e  f rees t ream s t a t i c  temperature.  oa 

Equat ions (1.3) and (1.4) a r e  t h e  b a s i c  formulae t o  be used f o r  

aerodynamic research  u s i n g  i n f r a r e d  imaging systems. Measurement o f  t h e  

s u r f a c e  temperature d i s t r i b u t i o n  on t h e  body of  i n t e r e s t  w i t h  t h e  I R  imaging 

system, and knowledge o f  t h e  geometry, t h e  f rees t ream tempera ture  and 

e v e n t u a l l y  t h e  heat  f l u x ,  may p r o v i d e  enough da ta  t o  deduce u s e f u l  i n f o r m a t i o n  

about t h e  f low-body i n t e r a c t i o n .  The t h r u s t  of t h e  p resen t  research  u t i l i z e d  

t h i s  second approach. 
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With t h e  r e a l i z a t i o n  t h a t  I R  imaging systems can produce more u s e f u l  d a t a  

i n  aerodynamic research  than has been genera l  l y  apprec ia ted ,  t h i s  work 

exp lo res  t h e  e x t e n t  t o  which these  systems can be made u s e f u l  i n  advancing t h e  

understanding of  aerodynamic f l o w  phenomena. As a r e s u l t ,  t h e  p l a n  o f  

research i n c o r p o r a t e d  s p e c i f i c  exper imen ta l  o b j e c t i v e s  s e t  o u t  t o  produce an 

improved unders tand ing  r e g a r d i n g  t h e  d e t e c t i o n  o f  t h e  low speed v i scous  

i n t e r a c t i o n  c h a r a c t e r i s t i c s  u s i n g  IR imaging systems. S p e c i f i c a l l y ,  t h e  

f o l l o w i n g  t o p i c s  were i d e n t , f i e d  t o  be pursued: 

1. F e a s i b i l i t y  and v a l i d a t i o n  s t u d i e s  o f  t h e  heated w i r e  concept.  

T h i s  method c a l l s  f o r  p l a c i n g  a ve ry  t h i n  and ve ry  l o n g  heated w i r e  

p e r p e n d i c u l a r  t o  t h e  v e l o c i t y  v e c t o r  o f  an a i r f l o w  o f  i n t e r e s t .  By 

t r a c k i n g  t h e  temperature d i s t r i b u t i o n  a long t h e  w i r e  w i t h  t h e  IR imaging 

camera, i t  i s  p o s s i b l e  t o  c a p t u r e  t h e  main f e a t u r e s  of t h e  f l o w f i e l d .  

Furthermore, by u s i n g  a p p r o p r i a t e  Nusse l t  number c o r r e l a t i o n s ,  t h e  

v e l o c i t y  d i s t r i b u t i o n  p e r p e n d i c u l a r  t o  t h e  w i r e  may be deduced. 

2. Boundary l a y e r  development ove r  a body o f  i n t e r e s t .  

Exper iments and model a n a l y s i s  were planned so t h a t  by measur ing w i t h  

t h e  i n f r a r e d  imaging system t h e  w a l l  temperatures of an a c t i v e l y  heated 

body immersed i n  an a i r f l o w ,  t h e  development of t h e  thermal  boundary l a y e r  

can be t racked .  

3. D e t e c t i o n  o f  boundary l a y e r  f l o w  regimes ove r  a i r f o i l s .  

The purpose i n  t h i s  exper iment  i s  t o  expand t h e  a p p l i c a b i l i t y  o f  

i n f r a r e d  imaging systems t o  t h e  d e t e c t i o n  of  separa t i on ,  beyond t h e  

d e t e c t i o n  o f  t r a n s i t i o n ,  e.g., Quas t  (1987). 
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The exper imen ta l  work c a r r i e d  o u t  under t h i s  program f o l l o w e d  ve ry  

c l o s e l y  t h e  p reced ing  s t a t e d  purposes. Chapter 2 c o n t a i n s  a b r i e f  rev iew  o f  

an i n i t i a l  se t  o f  exper iments t h a t  were aimed toward check ing t h e  f e a s i b i l i t y  

o f  t h e  o b j e c t i v e s  w i t h  rega rd  t o  t h e  heated w i r e  concept and t r a c k i n g  t h e  

boundary l a y e r  b e h a v i o r  by s u r f a c e  thermography. Chapter 3 i s  a s h o r t  

d e s c r i p t i o n  o f  t h e  i n f r a r e d  imaging system, emphasiz ing t h e  IR imaging camera 

o p e r a t i o n  p r i n c i p l e s .  Chapter 4 d e s c r i b e s  t h e  e v a l u a t i o n  o f  t h e  heated w i r e  

concept u s i n g  a l am ina r  c i r c u l a r  j e t  as a t e s t  case. Chapter 5 p r e s e n t s  t h e  

exper imen ta l  r e s u l t s  and an a n a l y s i s  o f  t h e  l am ina r ,  thermal  boundary l a y e r ,  

which develops o v e r  a f l a t  p l a t e ,  u s i n g  s u r f a c e  thermography. Chapter 6 i s  a 

s tudy o f  t h e  boundary l a y e r  regimes over  a NACA 0012 a i r f o i l  from ze ro  ang le  

o f  a t t a c k  up t o  s e p a r a t i o n ,  employing a l s o  t u f t s  t h a t  c o u l d  be observed bo th  

v i s u a l l y  and w i t h  t h e  IR imaging system. F i n a l l y ,  i n  Chap. 7 t h e  c o n c l u s i o n  

f rom t h i s  research  a r e  drawn and recommendations f o r  f u r t h e r  work a r e  made. 
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Chapter 2 

M E  PRELIMINARY EXPERIMENTS 

e 

Since t h e  main o b j e c t i v e  o f  t h i s  research was t o  extend t h e  use o f  

i n f r a r e d  imaging systems t o  a few impor tan t  aerodynamic s u b j e c t s  o f  i n t e r e s t ,  

t h e  f i r s t  s tep was t o  c a r r y  o u t  i n i t i a l  exper iments,  where t h e  s u i t a b i l i t y  o f  

t h e  measurement techn ique  c o u l d  be e a s i l y  judged acco rd ing  t o  t h e  r e s u l t s .  

The i n i t i a l  exper iments and t h e  r e s u l t s  a re  d e s c r i b e d  i n  d e t a i l  i n  Gartenberg 

e t  a l .  (1987) and on ly  t h e  more i n t e r e s t i n g  r e s u l t s  a r e  reproduced here.  A 

rev iew  i s  made of  t h e  main i deas  behind each exper iment  and of  t h e  way t h e  

r e s u l t s  were evaluated.  

a 1 ong 

v e l o c  

c o r r e  

2.1 The Heated Wire Technique 

t h e  w i r e  w h i l e  i t  i s  immersed i n  

t i e s ,  one may deduce t h e  l o c a l  ve 

a t i o n s .  Th is  approach i s  u s e f u l  when 

The f i r s t  concept t o  be t e s t e d  was t h e  use o f  a t h i n ,  e l e c t r i c a l l y  heated 

The i d e a  was t h a t  by measur ing temperatures 

a f l ow  w i t h  p o s i t i o n  dependent 

o c i t i e s  th rough  N u s s e l t  number 

i n v e s t i g a t i n g  shear f lows,  j e t s ,  

boundary l a y e r  and c o n f i n e d  f l o w s ,  wakes e t c .  I n  such cases, t h e  l o c a l  heat  

t r a n s f e r  c o e f f i c i e n t  i s  m o s t l y  a f u n c t i o n  o f  t h e  normal v e l o c i t y  component 

r e l a t i v e  t o  t h e  w i r e  (Morgan, 1975); b u t  even w i t h  t h i s  r e s t r i c t i o n ,  t h e  

method may be ex t reme ly  u s e f u l  t o  map f l o w f i e l d s  u n i n t r u s i v e l y ,  s i n c e  a 0.0762 

rnm (0.003") s l i g h t l y  heated w i r e  w i l l  n o t  have any s i g n i f i c a n t  i n f l u e n c e  on 

t h e  su r round ing  f l ow .  Two exper iments were per formed i n  t h i s  c a t e g o r y :  

mapping o f  an a i r  j e t  and mapping o f  t h e  wake behind a c i r c u l a r  c y l i n d e r .  

w i r e  as an a i r  v e l o c i t y  d e t e c t o r .  

In t h e  f i r s t  exper iment ,  t h e  0.0762 mm (0.003") heated w i r e  was p l a c e d  a t  

30 cm f rom t h e  e x i t  o f  a work ing heat-gun t h r o w i n g  c o l d  a i r  a t  2.5 m/sec.. The 
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exper imenta l  set-up was i d e n t i c a l  t o  t h a t  shown i n  Fig.  4.3 w i t h  t h e  

a d d i t i o n  t h a t  t h e  w i r e  was e l e c t r i c a l l y  heated. The measured temperature 

d i s t r i b u t i o n  a long t h e  w i r e  was symmetr ica l  w i t h  a minimum a t  t h e  c e n t e r  o f  

t h e  j e t  , where t h e  e x p e r i m e n t a l l y  determined c o e f f i c i e n t  o f  heat  t r a n s f e r  on 

t h e  w i r e  was i n  good agreement w i t h  t h e  va lue  p r e d i c t e d  by a s tandard  

c o r r e l a t i o n  (Morgan, 1975). A l though t h e  r e s u l t  was considered p h y s i c a l l y  

c o r r e c t ,  t h e  o p i n i o n  was t h a t  t h e  heat-gun f l o w  was n o t  c o n t r o l l a b l e  enough i n  

o r d e r  t o  produce a f l o w  f i e l d  s u i t a b l e  f o r  a thorough i n v e s t i g a t i o n .  As a 

r e s u l t ,  t h e  conc lus ions  drawn from t h i s  p r e l i m i n a r y  exper iment l e d  d i r e c t l y  t o  

t h e  l am ina r  f l o w  j e t  exper iment  d e s c r i b e d  i n  Chap. 4. 

I n  t h e  second exper iment ,  c y l i n d e r  wakes were mapped using. a heated w i r e  

p l a c e d  downstream, and aga in  t h e  temperature d i s t r i b u t i o n  was found w i t h  t h e  

i n f r a r e d  imaging system. The set-up as i n s t a l l e d  i n  t h e  0.9x1.2 m ( 3 ' x 4 ' )  low 

speed wind t u n n e l  i n  which t h e  exper iments were c a r r i e d  o u t  i s  shown i n  F ig .  

2.1. A 10 cm d iamete r  c y l i n d e r  was t e s t e d  a t  a Reynolds number o f  90,000, t h e  

w i r e  be ing  p laced  a t  5 and 10 d iamete rs  downstream f rom t h e  c y l i n d e r .  A 

second c y l i n d e r ,  2 cm i n  d iamete r ,  was t e s t e d  a t  a Reynolds number o f  18,000, 

t h e  w i r e  be ing  p l a c e d  a t  8, 16, 24 and 32 d iamete rs  downstream. In a l l  cases, 

t h e  q u a l i t a t i v e  r e s u l t s  were s e l f - c o n s i s t e n t  and agreed w i t h  t h e  p h y s i c a l  

expec ta t i ons .  A sample r e s u l t  i s  shown i n  Fig.  2.2 where t h e  temperature i s  

p l o t t e d  as a f u n c t i o n  o f  t h e  l eng thw ise  w i r e  coo rd ina te .  Accord ing t o  Schmidt 

and Werner ( S c h l i c h t i n g ,  1968, p. 298), t h e  heat  t r a n s f e r  r a t e  on t h e  l e e s i d e  

o f  a c y l i n d e r ,  where t h e  f l o w  i s  separated, i s  equal  t o ,  o r  h i g h e r ,  t han  t h a t  

on t h e  windward s ide.  The behaviour  of t h e  hea t  t r a n s f e r  r a t e  i n  t h e  

separated f l o w  area of t h e  c y l i n d e r  i s  dependent on t h e  Reynolds number based 

on t h e  c y l i n d e r  d iameter .  I n  p a r t i c u l a r ,  j u s t  a f t e r  t h e  s e p a r a t i o n  p o i n t ,  

t h e r e  i s  a jump i n  t h e  hea t  t r a n s f e r  r a t e  which i s  even more s e n s i t i v e  t o  t h e  
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Reynolds number. These heat  t r a n s f e r  f e a t u r e s  a r e  o f  course washed downstream 

w i t h  t h e  f l o w  caus ing  t h e  wake t o  be a zone of  very i n t e n s e  t u r b u ' e n t  m i x i n g  

w i t h  peak va lues a t  t h e  edges, t hus  de te rm in ing  t h e  tempera tu re  shape a l o n g  

t h e  w i r e  as shown i n  F i g .  2.2. 

An i m p o r t a n t  f a c t o r  t h a t  arose d u r i n g  t h i s  s tage  o f  t h e  research  was t h e  

c h o i c e  of  t h e  w i r e  m a t e r i a l .  From t h e  f l o w f i e l d  p o i n t  o f  v iew, a t h i n n e r  w i r e  

i s  more d e s i r a b l e .  However, f o r  l eng ths  o f  w i r e  h e r e w i t h  under c o n s i d e r a t i o n  

( t e n s  o f  c e n t i m e t e r s ) ,  a t o o  t h i n  w i r e  may break e a s i l y .  A lso,  a t h i n  w i r e  

may n o t  be r e s o l v e d  by t h e  camera i.e., i t s  s u r f a c e  may n o t  be l a r g e  enough i n  

o r d e r  t o  be p r o j e c t e d  on t h e  whole area of  t h e  camera d e t e c t o r .  The re fo re ,  

t h e  i n f r a r e d  imaging system wrongly  assumes t h a t  t h e  photons r e a c h i n g  t i l e  

d e t e c t o r  come f rom an area which i s  e q u i v a l e n t  a t  l e a s t  t o  t h e  i ns tan taneous  

f i e l d  o f  v iew o f  t h e  camera f o r  t h a t  f oca l  d i s t a n c e ,  t h u s  g i v i n g  f a l s e  l ower  

tempera tu re  read ings  o f  t h e  wi re.  ( T h i s  aspect  o f  t h e  tempera tu re  

measurements w i t h  t h e  i n f r a r e d  imaging system w i l l  be addressed i n  g r e a t e r  . 

d e t a i l  i n  t h e  n e x t  c h a p t e r ) .  

A t  t h i s  p o i n t ,  i t  seems t h a t  i n c r e a s i n g  t h e  w i r e  d iamete r  may be a 

p a r t i a l  s o l u t i o n  t o  t h e  s p a t i a l  r e s o l u t i o n  problem o f  t h e  IR imaging camera 

b u t  t h i s  i s  n o t  c o m p l e t e l y  t r u e .  A l a r g e r  w i r e  w i l l  d i s t u r b  t h e  f l o w f i e l d ,  

and a l s o ,  as t h e  w i r e  d iamete r  becomes l a r g e r ,  t he  s p u r i o u s  r e f l e c t i o n s  from 

i n e  su r round ings  t o  t h e  camera s t a r t  t o  p l a y  an i m p o r t a n t  r o l e  i n  t h e  s i g n a l  

t o  n o i s e  r a t i o  t h e  camera receives.  A separate s e t  o f  exper imen ta l  runs w i t h  

a v a r i e t y  o f  w i r e  s i z e s  revea led  t h a t  a t  0.381 mm d iamete r  (0.015") t h e  s i g n a l  

t o  n o i s e  r a t i o  becomes unacceptably  large.  For example, t h e  presence o f  

peop le  i n  t h e  l a b o r a t o r y  c o u l d  be d e t e c t e d  th rough  t h e i r  .body hea t  r e f l e c t i o n  

f rom t h e  w i r e  i n t o  t h e  camera. L a t e r  i t  was found t h a t  s m a l l e r  d iamete rs  were 

a l s o  d e s i r a b l e  i n  o r d e r  t o  m in im ize  t h e  heat  conduc t ion  a long  t h e  w i re .  
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M i n i m i z a t i o n  o f  t h i s  f a c t o r  i s  e s s e n t i a l  when v e l o c i t y  i n f o r m a t i o n  i s  dedirced 

f rom t h e  temperature measurements. A f t e r  t r i a l - a n d - e r r o r  exper imen ta t i ons ,  i t  

was decided t h a t  a 0.0762 mm (0.003") d iamete r  Chrome1 w i r e  would be t h e  b e s t  

compromise f o r  t h e  p r e s e n t  task .  A t  t h i s  p o i n t  y e t  another  problem was t o  be 

faced i n v o l v i n g  t h e  w i r e  s u r f a c e  emi t tance  c a l i b r a t i o n .  The Chrome1 w i r e  has 

a h i g h l y  p o l i s h e d  s u r f a c e  w i t h  a t y p i c a l  em i t tance  o f  0.05. However, u s i n g  

t h i s  va lue  t o  de te rm ine  temperatures w i t h  t h e  I R  imaging system w i l l  r e s u l t ,  

as p r e v i o u s l y  noted,  i n  lower  than  a c t u a l  va lues because t h e  w i r e  i s  

un reso lved  by t h e  camera. I n  o r d e r  t o  g e t  t r u e  temperature read ings ,  an 

"apparent  em i t tance"  l ower  than  t h e  a c t u a l  should be used. The c a l i b r a t i o n  

procedure i s  d e s c r i b e d  i n  Chap. 4. I n  t h i s  c o n t e x t ,  i t  shou ld  be emphasized 

t h a t  f o r  o p t i c a l l y  un reso lved  t a r g e t s ,  t h e  d i s t a n c e  f rom t h e  camera determines 

t h e  f r a c t i o n  o f  t h e  i ns tan taneous  f i e l d  o f  v iew t h e  t a r g e t  w i l l  cover  on t h e  

f o c a l  p lane.  There fo re ,  e m i t t a n c e  c a l i b r a t i o n s  f o r  un reso lved  t a r g e t s  a r e  

v a l i d  o n l y  f o r  t h e  s p e c i f i c  d i s t a n c e  a t  which they  were c a r r i e d  o u t .  

The c h o i c e  o f  t h e  w i r e  m a t e r i a l  should be made a f t e r  a c a r e f u l  sc reen ing  

o f  i t s  p h y s i c a l  p r o p e r t i e s :  t h e  m a t e r i a l  should have a h i g h  e l e c t r i c a l  

r e s i s t i v i t y  i n  o r d e r  t o  d i s s i p a t e  enough heat  t o  r a i s e  i t s  t empera tu re  and be 

v i s i b l e  w i t h  t h e  IR imaging camera. Also,  t h e  tempera tu re  c o e f f i c i e n t  o f  

e l e c t r i c a l  r e s i s t a n c e  shou ld  be low so t h a t  t h e  w i r e  w i l l  u n i f o r m l y  d i s s i p a t e  

t h e  heat  l eng thw ise ,  even i f  t h e  temperatures v a r y  l o c a l l y .  The m a t e r i a l  

shou ld  be c h e m i c a l l y  s t a b l e ,  o t h e r w i s e  c o r r o s i o n  may change t h e  emi t tance ,  and 

thus  accu ra te  con t inuous  tempera tu re  measurements may n o t  be p o s s i b l e .  The 

c o e f f i c i e n t  o f  t he rma l  expansion should be low i n  o r d e r  t o  p r e v e n t  e l o n g a t i o n  

due t o  t h e  h e a t i n g  t h a t  may cause v i b r a t i o n s .  The w i r e  thermal  c o n d u c t i v i t y  

shou ld  be low i n  o r d e r  t o  p r e v e n t  e q u a l i z a t i o n  of  t h e  temperature a long  t h e  

w i r e  th rough  conduct ion.  F i n a l l y ,  t h e  w i r e  thermal  capac i tance  ( t h e  p r o d u c t  
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o f  t h e  mass p e r  u n i t  l e n g t h  w i t h  t h e  s p e c i f i c  h e a t )  shou ld  be low i n  order t o  

m in im ize  t h e  temperature t i m e  response t o  changes i n  l o c a l  v e l o c i t i e s .  As 

a l r e a d y  known, a l l  t hese  requi rements l e d  t o  t h e  Chrome1 w i r e  as t h e  most 

s u i t a b l e  choice.  On an abso lu te  b a s i s  t h e r e  a r e  m a t e r i a l s  t h a t  f i t  b e t t e r  t o  

t h e  c r i t e r i a  e s t a b l i s h e d  above. However, t hey  f a l l  i n t o  t h e  c a t e g o r y  o f  r a r e  

m e t a l s ,  and thus  t h e i r  a v a i l a b i l i t y  and p r i c e  made t h e i r  use i n  t h i s  case 

p r o h i b i t i v e .  

Another problem t h a t  arose d u r i n g  t h e  heated w i r e  exper iments was t h e  

background r a d i a t i o n  i n t e r f e r e n c e .  Since (as  we have seen p r e v i o u s l y )  t h e  

w i r e  i s  unresolved by t h e  camera, photons o r i g i n a t i n g  f rom t h e  background 

s u r f a c e  w i l l  h i t  t h e  d e t e c t o r  t o g e t h e r  w i t h  t h e  photons f rom t h e  t a r g e t  

w i r e .  The problem i s  aggravated w i t h  i n c r e a s i n g  background tempera tu re  and 

s p a t i a l  n o n u n i f o r m i t y .  To p reven t  problems a s s o c i a t e d  w i t h  background 

i n t e r f e r e n c e ,  i t s  s u r f a c e  temperature should be kep t  a t  l e a s t  u n i f o r m  and 

p r e f e r r a b l y  low. A l l  these f a c t o r s  i n d i c a t e  t h a t  t h e  a c t u a l  exper iments 

shou ld  be r u n  under t h e  same background c o n d i t i o n s  a t  which t h e  c a l i b r a t i o n  

was c a r r i e d  out .  Th i s  i s  t h e  reason why l a t e r ,  t h e  l a m i n a r  f l o w  j e t  

exper iments (Chap. 4 )  were c a r r i e d  o u t  a g a i n s t  a u n i f o r m  background made o u t  

o f  cardboard paper h e l d  a t  cons tan t  temperature by t h e  a i r  c o n d i t i o n i n g  system 

of t h e  l a b o r a t o r y .  

2.2 Surface Measurements for Boundary Layer Research 

A second s e r i e s  of  p r e l i m i n a r y  exper iments was concerned w i t h  d e t e c t i n g  

t h e  l a m i n a r  boundary l a y e r  development o v e r  a warmed f l a t  p l a t e .  The 

e x p e r i m e n t a l  set -up i s  i d e n t i c a l  w i t h  t h a t  shown i n  Fig. 5.1 except  f o r  t h e  

f a c t  t h a t  t h e  l e a d i n g  edge was curved and n o t  sharp as i t  should be i n  o r d e r  

t o  reproduce a B l a s i u s  t y p e  f l o w  f i e l d .  The exper iments were c a r r i e d  o u t  i n  a 
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0.9x1.2m ( 3 ' x 4 ' )  w ind- tunnel .  It i s  a low speed, r e t u r n  c i r c u i t  wind t u n n e l  

d r i v e n  by a 100 HP e l e c t r i c  motor.  The s u r f a c e  was warmed by a Constantan 

w i r e  c l o s e l y  wrapped t h r e e  t imes  chordwise around t h e  p l a t e  w i t h  a d u c t  t ape  

c o v e r i n g  i t  i n  o r d e r  t o  ensure u n i f o r m  emi t tance  and a smooth su r face .  The 

o r i g i n a l  idea was t o  produce a cons tan t  heat f l u x  f l a t  p l a t e .  However, i t  

became ve ry  q u i c k l y  apparent t h a t  t h e  boundary c o n d i t i o n  produced i s  o f  

cons tan t  power h e a t i n g  type.  The d i f f e r e n c e  between t h e  two i s  t h a t  i n  t h e  

former case a cons tan t  hea t  r a t e  i s  d i s s i p a t e d  i n t o  t h e  f rees t ream th rough  t h e  

boundary l a y e r ,  w h i l e  i n  t h e  l a t t e r  t h e  a i r f l o w ,  t h e  su r round ings  and t h e  

s u b s t r a t e  share t h e  c o n s t a n t  heat  r a t e  d i s s i p a t e d  by t h e  wi res.  The measured 

w a l l  t empera tu re  d i s t r i b u t i o n  was considered p h y s i c a l l y  r e a l i s t i c  due t o  i t s  

s i m i l a r i t y  t o  t h e  c o n s t a n t  heat  f l u x  case (Gar tenberg e t  a l . ,  1987), except  

f o r  t h e  f a c t  t h a t  a f t e r  an i n i t i a l  r a i s e  w i t h  t h e  square r o o t  o f  t h e  d i s t a n c e  

f rom t h e  l e a d i n g  edge i t  l e v e l e d  o f f ,  i n s t e a d  o f  c o n t i n u i n g  t h e  i n i t i a l  t r e n d  

(Kays and Crowford, 1980, p. 151).  It was concluded t h a t  t h i s  b e h a v i o r  was t h e  

r e s u l t  o f  an e v e r  i n c r e a s i n g  thermal  invo lvement  o f  t h e  s u b s t r a t e ,  as t h e  

l a m i n a r  .boundary l a y e r  t h i c k e n s  and t h e  c o n v e c t i v e  c o o l i n g  becomes l e s s  

e f f e c t i v e .  A t  t h i s  stage, i t  was f e l t  t h a t  t h i s  exper iment  shou ld  be 

r e v i s i t e d  w i t h  a wedge t y p e  l e a d i n g  edge t h a t  would p e r m i t  comparison of  t h e  

exper imen ta l  w i t h  a n a l y t i c  r e s u l t s .  F u r t h e r  d e t a i l s  a r e  g i v e n  i n  Chap. 5. 

The l a s t  p r e l i m i n a r y  exper iment  was t o  m o n i t o r  t h e  w a l l  t empera tu re  

d i s t r i b u t i o n  for a i r  f l o w  ove r  a rearward f a c i n g  s t e p  t o  observe separated 

f l o w  e f f e c t s .  The rea rward  f a c i n g  s tep  was produced by p l a c i n g  a r i g h t  ang le  

t r a p e z o i d a l  wedge on t h e  f l a t  p l a t e  p r e v i o u s l y  ment ioned, a t  5 cm f rom t h e  

l e a d i n g  edge and p a r a l l e l  t o  it. The s tep  h e i g h t  was 2 cm. The measured w a l l  

temperatures a r e  reproduced i n  Fig.  2.3. Four fea tu res  o f  t h e  r e s u l t s  were 

p a r t i c u l a r l y  encouraging. The f i r s t  was t h a t  j u s t  a t  t h e  f o o t  o f  t h e  s tep  
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t h e r e  i s  a jump i n  t h e  w a l l  temperature,  t h a t  can be exp la ined  by t h e  f a c t  

t h a t  a t  t h e  co rne r ,  t h e  f l o w  has no v e l o c i t y  components and t h e r e f o r e ,  t h e  

convec t i ve  heat  t r a n s f e r  t h e r e  should be min imal .  ?he second f e a t u r e  was 

t h a t  a t  t h e  p o i n t  where t h e  reat tachment  was b e l i e v e d  t o  take p l a c e  ( x  = 15  

cm), t h e  temperature passed th rough  a l o c a l  minimum. It i s  a w e l l  known f a c t  

t h a t  t h e  heat  t r a n s f e r  c o e f f i c i e n t  i n  such a f l o w  i s  t h e  h i g h e s t  a t  t h e  

t u r b u l e n t  reat tachment  p o i n t  ( M e r z k i r c h  e t  a l . ,  1988),  t hus  e x p l a i n i n g  t h e  

minimum temperature va lue  the re .  The t h i r d  f e a t u r e  was t h a t  downstream from 

t h e  reat tachment  p o i n t ,  t h e  i n f l u e n c e  o f  t h e  development of t h e  t u r b u l e n t  

boundary l a y e r  can be observed on t h e  w a l l  t empera tu re  d i s t r i b u t i o n .  The 

f o u r t h  and l a s t  f e a t u r e  o f  t h i s  exper iment  was t h a t  t h e  assumed reat tachment  ' 

p o i n t  occu r red  between s i x  t o  seven s tep  h e i g h t s  downstream o f  t h e  s tep.  For  

a Reynolds number based on t h e  h e i g h t  o f  t h e  s t e p  o f  app rox ima te l y  17500, t h i s  

r e s u l t  i s  i n  e x c e l l e n t  agreement w i t h  t h e  f i n d i n g s  o f  Eaton and Johnston 

(1981). The r e s u l t s  o f  t h i s  exper iment  showed t h a t  separated f l o w s  can be 

de tec ted  w i t h  i n f r a r e d  imaging systems by  mapping t h e  s u r f a c e  o f  i n t e r e s t .  

T h i s  c o n c l u s i o n  l e d  t o  t h e  exper iment  desc r ibed  i n  Chap. 6 where t h e  

f o o t p r i n t s  o f  t h e  a i r f l o w  about a NACA 0012 a i r f o i l  were s t u d i e d  a l l  t h e  way 

f rom t h e  f u l l y  a t tached  regime a t  zero ang le  o f  a t t a c k  up t o  t h e  p o s t  s t a ? l  

regime. 

Be fo re  p roceed ing  f u r t h e r  w i t h  t h e  a n a l y s i s  o f  t h e  main s e r i e s  o f  

exper iments,  i t  i s  e s s e n t i a l  t o  e x p l a i n  t h e  o p e r a t i o n a l  p r i n c i p l e s  o f  t h e  

i n f r a r e d  imaging system, i n  o r d e r  t o  understand i t s  l i m i t a t i o n s  f rom an 

aerodynamic research p o i n t  o f  view. 



2.3 Sumnary 

The p r e l i m i n a r y  exper iments c a r r i e d  o u t  a t  t h i s  s tage were c r i t i c a l  t o  

t h e  d e f i n i t i o n  and c o n t i n u a t i o n  of t h e  main research  tasks .  Not o n l y  was i t  

t r u e  t h a t  t h e  b u l k  o f  

s tage,  b u t  a l s o  most 

problems encountered 

research,  were c r y s t a l  

t h e  work c a r r i e d  o u t  l a t e r  stemmed d i r e c t l y  f r o m  t h i s  

o f  t h e  i n s t r u m e n t a t i o n  and measurement i n t e r p r e t a t i o n  

when u s i n g  i n f r a r e d  imaging systems i n  aerodynamic 

zed d u r i n g  t h i s  stage. 
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Chapter 3 

THE INFRARED IMAGING SYSTEM 

A measurement system can be u s e f u l  o n l y  t o  t h e  e x t e n t  t h a t  t h e  o p e r a t o r  

understands t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  h i s  dev i ce .  A l though  easy t o  

use, t h e  i n f r a r e d  imaging systems a re  ve ry  complex e l e c t r o - o p t i c a l  d e v i c e s  and 

t h e i r  o u t p u t  i s  i n f l u e n c e d  by a myr iad  o f  f a c t o r s  bes ides t h e  t a r g e t  s u r f a c e  

temperature.  Since, i r !  genera l ,  a e r o n a u t i c a l  engineers a re  n o t  t o o  f a m i l i a r  

w i t h  t h e s e  systems, i t  i s  t h e  purpose o f  t h i s  chap te r  t o  r e v i e w  t h e  n a i n  

p o i n t s  o f  i n t e r e s t  r e l a t e d  t o  t h e i r  performance. 

3.1 Some Useful References 

I n f r a r e d  imaging systems work on t h e  p r i n c i p l e s  o f  r a d i a t i o n  heat  

t r a n s f e r .  T h i s  t y p e  o f  heat  t r a n s f e r  i s  based s o l e l y  on t h e  f o u r t h  1 -1wer 

tempera tu re  d i f f e r e n c e  between t h e  body o f  i n t e r e s t  and i t s  su r round ings ,  and 

t a k e s  p l a c e  th rough  e l e c t r o m a g n e t i c  r a d i a t i o n  a t  wavelengths between 0.3~ t o  

5 0 ~  (where F = m), known as t h e  i n f r a r e d  spectrum. A s  t h e  name 

i m p l i e s ,  t h e  I R  imaging systems d e t e c t  t h i s  r a d i a t i o n  and t h r o u g h  e l e c t r o n i c  

p r o c e s s i n g  o f  t h e  s i g n a l s ,  produce an a r t i f i c i a l  v ideo  p i c t u r e  o f  t h e  area 

scanned i n  which d a r k e r  shades a r e  a s s o c i a t e d  w i t h  l o w e r  tempera tu res  and 

l i g h t e r  shades w i t h  h i g h e r  temperatures.  

The i n f r a r e d  imaging systems used f o r  su r face  tempera tu re  measurements 

were developed d u r i n g  t h e  s i x t i e s  as d e r i v a t i v e s  o f  t h e  m i l i t a r y  p a s s i v e  n i g h t  

v i s i o n  systems. A l though t h e  requi rements f rom t h e  two t y p e s  a r e  somewhat 

d i f f e r e n t ,  t h e  o p e r a t i o n a l  p r i n c i p l e s  a r e  t h e  same. L l o y d  (1975) g i v e s  an 

e x c e l l e n t  o v e r a l l  account o f  t h e  s u b j e c t  as viewed f rom h i s  p e r s p e c t i v e  as an 

engineer  who worked f o r  many y e a r s  on research  and development o f  such systems 

a t  Honeywell  Inc.  I n  a s h o r t  note,  Ohman g i v e s  a c l e a r  p r e s e n t a t i o f i  o f  t h e  
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d i f f e r e n t  requi rements f rom an IR system when i t  i s  used f o r  n i g h t  v i s i o n  

imaging versus imaging f o r  temperature measurements, and t h e  i n h e r e n t  changes 

t o  be made i n  t h e  former i n  o r d e r  t o  r e a l i z e  t h e  l a t t e r .  A s t a t e  o f  t h e  a r t  

r e v i e w  of  i n f r a r e d  d e t e c t o r s  i s  g i v e n  by L e v i n s t e i n  (1977) .  A l though w r i t t e n  

t w e l v e  yea rs  ago, t h e  a r t i c l e  i s  s t i l l  r e l e v a n t  as  some of t h e  d e t e c t o r s  

d e s c r i b e d  t h e r e  a r e  s t i l l  i n  use. With rega rd  t o  t h e  q u a n t i t a t i v e  

d e t e r m i n a t i o n  of  s u r f a c e  temperatures us ing  an i n f r a r e d  camera, Hsieh and 

E l l i n g s o n  (1977)  propose a method t h a t  a l s o  i n c l u d e s  t h e  s u r f a c e  r e f l e c t i o n  

p r o b  1 em. 

Be fo re  proceeding w i t h  t h e  d e s c r i p t i o n  o f  t h e  t e c h n i c a l  aspects  o f  

i n f r a r e d  imaging systems, i t  i s  w o r t h w h i l e  t o  draw a t t e n t i o n  t o  t h e  

proceedings o f  Thermosense V (1982), t h a t  c o n t a i n s  a few papers concerned w i t h  

t h e  p r a c t i c a l  aspects  o f  temperature measurements u s i n g  these systems. 

3.2 The Infrared Imaging System 

The i n f r a r e d  imaging system used i n  t h i s  i n v e s t i g a t i o n  was an AGA 

Thermovis iorP 782. The b a s i c  system c o n s i s t e d  o f  t h e  scanner and a b l a c k  and 

w h i t e  d i s p l a y  u n i t  t h a t  a l l o w s  d i r e c t  o r  r e l a t i v e  temperature measurements. 

The o u t p u t  f rom t h e  scanner can be d i r e c t l y  recorded on a m o d i f i e d  v i d i c o n  

r e c o r d e r  ( V C R )  f o r  l a t e r  playback. T h i s  d e v i c e  was o f  v e r y  l i t t l e  use m a i n l y  

because o f  two l i m i t a t i o n s :  frames c o u l d  n o t  be addressed i n d i v i d u a l l y ;  and a 

l a c k  o f  a t i m e  base t h a t  c o u l d  be recorded on t h e  tape. The b a s i c  system was 

connected th rough  a d a t a  l i n k  t o  a microcomputer BMC IF800 ded ica ted  t o  t h e  

a n a l y s i s  o f  t h e  thermographies.  A D i s c @  2.0 sof tware package i s  used f o r  t h e  

< 

image p r o c e s s i n g  and comp le te l y  occup ies  a 5 1/4" f l o p p y  d i s k  i n  a read -on ly  

s t o r a g e  mode. Up t o  36 i n d i v i d u a l  images can be s t o r e d  on a second f l o p p y  

d i s k  i n  a read and w r i t e  access s to rage  mode. The use r  has t h e  o p t i o n  t o  
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record s i n g l e  images, o r  an image t h a t  i s  t h e  average of  seve ra l  images, or  t o  

reco rd  a s e r i e s  o f  up t o  16  images a t  a t i m e  a t  a frequency o f  1.5 Hz o r  

lower. A key f e a t u r e  o f  t h i s  program i s  t h e  g radua l  assignment o f  e i g h t  t ones  

of  a r t i f i c i a l  c o l o r s  ( f rom b l a c k  th rough  b l u e ,  green,  red, e t c .  t o  w h i t e ) ,  f o r  

corresponding g ray  shades i n  t h e  o r i g i n a l  image, th i l s  p roduc ing  an a r t i f i c i a l  

sensa t ion  o f  t h e  temperatures i n  t h e  scanned f i e l d .  The main advantage o f  

such a system i s  t h e  c r o s s - h a i r  c u r s o r  t h a t  can e a s i l y  be moved on t h e  screen 

and a l l o w s  t h e  o p e r a t o r  t o  g e t  p r e c i s e  temperature readings a t  d e f i n e d  

l o c a t i o n s  o f  i n t e r e s t .  A l though t h e  D i s c @  2.0 was w r i t t e n  s p e c i f i c a l l y  f o r  

t h e  BMC IF800 computer, and a l t h o u g h  t h e  l a t t e r  has a q u i t e  o b s o l e t e  

a r c h i t e c t u r e ,  t o g e t h e r  t h e y  make-up a q u i t e  v e r s a t i l e  system t h a t  o f f e r s  an 

abundance o f  p r o c e s s i n g  o p t i o n s ,  f rom which o n l y  t h e  main ones have been 

r e p o r t e d  here. 

3.3 The Infrared Imaging Camera 

The i n f r a r e d  imaging camera c o n v e r t s  e l e c t r o m a g n e t i c  thermal  energy 

r a d i a t e d  f rom t h e  scene con ta ined  i n  i t s  f i e l d  o f  v iew, i n t o  e l e c t r o n i c  v ideo 

s i g n a l s .  These s i g n a l s  a r e  e l e c t r o n i c a l l y  a m p l i f i e d  and t r a n s m i t t e d  t o  t h e  

b l a c k  and w h i t e  d i s p l a y  u n i t  where t h e  s i g n a l s  a r e  f u r t h e r  a m p l i f i e d ,  and t h e  

r e s u l t i n g  image i s  d i s p l a y e d  on t h e  screen. The camera, o r  t h e  scanner,  

comprises t h e  f o l l o w i n g  main subsystems: 

( a )  E l e c t r o - o p t i c a l  scanning mechanism 

( b )  I n f r a r e d  d e t e c t o r  a t t a c h e d  t o  a l i q u i d  n i t r o g e n  Dewar f l a s k  

( c )  C o n t r o l  e l e c t r o n i c s  and p r e a m p l i f i e r .  



As can be seen i n  Fig. 3.1, t h e  scanning mechanism c o n s i s t s  of  

m u t u a l l y  p e r p e n d i c u l a r  pr isms.  The h o r i z o n t d l  one r o t a t e s  a t  t h r e e  rps.  

2 7  

two 

I t s  

o p t i c a l  o u t p u t  i s  passed t o  t h e  v e r t i c a l  one which r o t a t e s  a t  33C rps.  Thus, 

we ge t  t h e  " l i n e s "  and t h e  'lcolurnns" of t h e  scanned scene, which i s  c a l l e d  a 

f i e l d .  Each f i e l d  has 70 a c t i v e  l i n e s  (100 a l l  t o g e t h e r )  and 130 a c t i v e  

columns. For  v i s u a l  d i s p l d y  reasons, t h e  v e r t i c a l  and h o r i z o n t a l  motors a r e  

synchronized i n  such a way t h a t  four  f i e l d s  produce one i n t e r l a c e d  frame. 

Wi th a scanning r a t e  o f  25 f i e l d s  p e r  second, 25/4 comp le te l y  i n t e r l a c e d  

p i c t u r e  frames p e r  second a re  t h u s  obta ined.  The o u t p u t  from t h e  v e r t i c a l  

p r i s m  i s  focused o n t o  t h e  s i n g l e  element semiconductor d e t e c t o r ,  which i s  

l o c a t e d  i n  t h e  w a l l  o f  a Dewar chamber, and i s  ma in ta ined  a t . 7 7 K  by l i q u i d  . 

n i t r o g e n .  The d e t e c t o r  produces an e l e c t r o n i c  o u t p u t  p r o p o r t i o n a l  t o  t h e  

incoming i n f r a r e d  r a d i a t i o n .  A f t e r  a m p l i f i c a t i o n ,  t h e  s i g n a l  i s  sent  v i a  a 

c a b l e  t o  t h e  d i s p l a y  u n i t ,  where a b s o l u t e  o r  r e l a t i v e  temperature measurements 

can be made. 

Throughout t h i s  research,  t h e  da ta  was a q u i r e d  o n l y  i n  t h e  " f i e l d "  mode, 

t o  t a k e  advantage df t h e  h i g h e r  scanning r a t e  assoc ia ted  w i t h  t h a t  mode (25  

images p e r  second). More i n f o r m a t i o n  about t h e  system and t h e  way i t  opera tes  

can be found i n  t h e  AGA Thermovis iorP 782 Opera t i ng  Manual (1984). 

3.4 Physical Aspects o f  the Camera Operation 

The o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  an IR imaging camera a r e  l a r g e l y  

dependent upon t h e  d e t e c t o r  c h a r a c t e r i s t i c s  and performance. Each k i n d  o f  

d e t e c t o r  has i t s  own narrow range of  d e t e c t i o n  i n  t h e  IR spectrum acco rd ing  t o  

i t s  chemical  composi t ion.  There fo re ,  i t  i s  i m p o r t a n t  t o  f i n d  o u t  a p r i o r i  

whether t h e  expected t a r g e t s  do have a r a d i a t i o n  component t h a t  matches t h e  

d e t e c t o r  c h a r a c t e r i s t i c s .  Secondly, s i n c e  t h e  atmosphere does n o t  t r a n s m i t  
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t h e  I R  r a d i a t i o n  a l l  a long  i t s  spectrum, t h e  match ing of  t h e  d e t e c t o r  has a l s o  

t o  f i t  the  "atmospher ic  windows". Th is  i s  t h e  te rm used t o  denote t h e  

wavelength o f  I R  r a d i a t i o n  f o r  which t h e  atmosphere i s  t ransparen t .  I n  t h e  

p r e s e n t  case, t h e  sensor i s  made o f  Indium Ant imonide ( I n S b ) ,  which i s  

c l a s s i f i e d  as a semiconductor  element w i t h  a s p e c t r a l  response i n  the  1.7 t o  

5.8 p range. However, t h e  s p e c t r a l  response of  t h e  camera (as  a system) i s  

pu rpose ly  reduced t o  t h e  3.5 t o  5.6 p by s p e c i a l  c o a t i n g s  on t i l e  o b j e c t i v e  

lens.  I t s  o p e r a t i o n a l  temperature d e t e c t i o n  range i s  between -20°C t o  850°C. 

The f i e l d  o f  v iew (FOV) o f  t h e  o b j e c t i v e  l ens  o f  t h e  camera i s  20". The area 

p r o j e c t e d  a t  any one t i m e  on t h e  d e t e c t o r  i s  subtended by an ang le  o f  0.0035 

rad ians ,  which i s  a l s o  c a l l e d  t h e  ins tan taneous f i e l d  of v iew (IFOV). Wi th  a 

scanning r a t e  o f  25 f i e l d s  p e r  seconds, each f i e l d  hav ing  100 l i n e s  and 130 

columns, t h e  scanning r a t e  i s  325,000 IFOV/sec, o r  3 p sec p e r  IFOV. Wi th a 

t i m e  cons tan t  of approx imate ly  0.2 g sec ( L e v i n s t e i n  1977), t h e  InSb d e t e c t o r  

matches t h e  camera needs. S ince t h e  camera des ign  p r o b a b l y  s t a r t e d  f rom t h e  

d e t e c t o r  c h a r a c t e r i s t i c s ,  i t  i s  c l e a r  t h a t  t hey  a re  t h e  b o t t l e n e c k  f o r  t h e  

upper l i m i t  o f  t h e  scanning ra te .  

The InSb i s  a l i n e a r  photon coun t ing  p h o t o v o l t a i c  d e t e c t o r .  These 

d e t e c t o r s  a r e  s e n s i t i v e  t o  the number of  photons h i t t i n g  them ( r a t h e r  t h a n  

t h e i r  energy) ,  once t h e i r  energy exceeds t h e  energy t h r e s h o l d  o f  t h e  

semiconductor  m a t e r i a l .  I n  genera l ,  t h e  e f f e c t  o f  c o o l i n g  t h e  d e t e c t o r  i s  t o  

decrease t h i s  c u t - o f f  wavelength. The c a l i b r a t i o n  curves  o f  t h e  I R  imaging 

camera can be d e r i v e d  d i r e c t l y  f rom t h e  P lanck 's  fo rmu la  (Sparrow and Cess 

1978, p.6) 

2 2lThc_ 
0 

eb&T) = 
n2  h5[exp( h c o / n ~ k T ) - l ]  

( 3 . 1 )  
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where ebA i s  t h e  s p e c t r a l  em iss i ve  power o f  t h e  b l a c k  body r a d i a t i o n ,  h i s  

P lanck ' s  cons tan t ,  k i s  Bol tzmann's  cons tan t ,  co i s  t h e  speed o f  l i g h t  i n  

vacuum, n i s  t h e  r e f r a c t i o n  index  o f  t h e  medium, A i s  t h e  r e s p e c t i v e  

wavelength and T i s  t h e  abso lu te  temperature.  When P l a n c k ' s  f o r n u l a  i s  

d i v i d e d  by t h e  energy o f  a s i n g l e  photon h c o / x  = hv we o b t a i n  the  s p e c t r a l  

photon emi t tance f o r  a b lackbody NLb 

- - 271c0 

NAb n2 k4[exp( hco /nhkT) - l ]  

From here, one g e t s  d i r e c t l y  t h e  fo rmu la  commonly used t o  express t h e  

c a l i b r a t i o n  cu rve  behav io r ,  

A 
C exp(B/T-1) 

I =  ( 3 . 3 )  

where I i s  t h e  " thermal  value' '  cor respond ing  t o  tempera ture  T and A, B y  and C 

a r e  cons tan ts  ( A G A ,  1984). The thermal  va lue  I i s  measured i n  i s o t h e r m a l  

u n i t s  ( I U )  which i s  a p r a c t i c a l  u n i t  of measurement. The r e l a t i o n s h i p  between 

t h e  thermal  va lue  and t h e  r e c e i v e d  photon f l u x  i s  l i n e a r .  However, t h e  

r e l a t i o n s h i p  between t h e  thermal  vadue and t h e  o b j e c t  tempera ture  i s  o b v i o u s l y  

non-1 i n e a r .  

F i n a l l y ,  i t  shou ld  be mentioned t h a t  t h e  r a d i a t i o n  coming f rom a c e r t a i n  

spo t  t o  t h e  d e t e c t o r  has t h r e e  components: o b j e c t  r a d i a t i o n ,  r e f l e c t e d  

r a d i a t i o n  and atmospher ic  p a r t i c i p a t i o n .  l i e  camera has no way t o  d i s t i n q u i s h  

between t h e  th ree ,  and i t s  o u t p u t  i s  an I' n t e g r a t e d "  one. I t  i s  indeed t h e  

d u t y  o f  t h e  o p e r a t o r  t o  account f o r  t h e  v a r i o u s  c o n t r i b u t i o n s  caus ing  t h e  

f i n a l  o u t p u t  s igna l .  As a c o r o l l a r y ,  i t  can be s a i d  t h a t  t h e  measurement o f  

tempera tures  u s i n g  i n f r a r e d  imaging techn iques  i s  n o t  a method t h a t  can be 

a p p l i e d  w i t h o u t  expert a t t e n t i o n  t o  d e t a i l .  
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3.5 The Resolution Problem 

The essence o f  a success fu l  des ign f o r  an i n f r a r e d  imaging system l i e s  i n  

t h e  answer t o  t h e  r e s o l u t i o n  problem. This  problem has two aspects :  t h e  

minimum r e s o l v a b l e  temperature d i f f e r e n c e  and t h e  s l i t  response f u n c t i o n .  

The minimum r e s o l v a b l e  temperature d i f f e r e n c e  (MRTD) i s  t h e  r e s u l t  o f  a 

s tandard i zed  t e s t  designed t o  eva lua te  t h e  camera performance i n  t h i s  

respec t .  The t e s t  t a r g e t  i s  a p l a t e  w i t h  f o u r  s l i t s  o f  v a r i b l e  w i d t h  which i s  

p laced  i n  f r o n t  o f  ano the r  un i fo rm p l a t e .  The temperature of  b o t h  p l a t e s  i s  

i ndependen t l y  a d j u s t a b l e .  By v a r y i n g  t h e  w i d t h  o f  t h e  s l i t s  and r e c o r d i n g  t h e  

r e s p e c t i v e  tempera tu re  d i f f e r e n c e  between t h e  p l a t e s ,  where t h e  p a t t e r n  

becomes i n d i s t i n q u i s h a b l e  t o  t h e  camera, one o b t a i n s  a graph as  shown i n  F ig.  

3.2. The lowest  p o i n t  o f  t h e  cu rve  i s  t h e  temperature d i f f e r e n c e  a t  ze ro  s l i t  

s p a t i a l  f requency and rep resen ts  t h e  system s e n s i t i v i t y .  The t e s t  i s  u s u a l l y  

r u n  a t  30°C, and f o r  t h e  p resen t  system, t h i s  s e n s i t i v i t y  i s  about 0.2OC. A 

second parameter i s  t h e  h i g h e s t  p o s s i b l e  r e s o l u t i o n ,  which can be rep resen ted  

by a v e r t i c a l  l i n e  t h a t  i s  asymptote t o  t h e  r i s i n g  curve. To understand t h i s  

behav io r ,  one must understand t h e  s l i t  response f u n c t i o n  (SRF)  o f  t h e  

camera. As i t  can be seen i n  Fig. 3.3a, t h e  t e s t  t a r g e t  i n  t h i s  case c o n s i s t s  

o f  a tempera tu re  a d j u s t a b l e  p l a t e  covered by another  p l a t e  w i th  a s l i t  o f  a 

v a r i a b l e  width.  As t h e  s l i t  w i d t h  i s  increased,  so i s  i t s  ang le  as viewed 

from t h e  d e t e c t o r .  T h i s  ang le  can be l e s s ,  equal  o r  g r e a t e r  t h a n  t h e  f i e l d  o f  

v iew o f  t h e  d e t e c t o r  which i s  c a l l e d  t h e  i ns tan taneous  f i e l d  o f  v iew ( I F O V ) .  

S l i t s  t h a t  a r e  s m a l l e r  t han  t h e  I F O V  a r e  c a l l e d  unresolved.  When t h e  camera 

scans an o b j e c t  t h a t  i s  unresolved,  t h e  r a d i a t i o n  f a l l i n g  on t h e  d e t e c t o r  

comes p a r t i a l l y  f rom t h e  t a r g e t  and p a r t i a l l y  from t h e  surroundings.  As a 

r e s u l t ,  as shown i n  F ig .  3.3b, t h e  s i g n a l  modu la t i on  f rom an un reso lved  s l i t  

i s  s m a l l e r  t h a n  one coming f rom a r e s o l v e d  s l i t .  As t h e  s l i t  w i d t h  i nc reases ,  



32 

1'1 

- 

c - 
0 

c 
0 
0 

LL 



33 

0.8 

I- 0.6 a 
0 - 
0 
0 0.2 

0 I 

(b )  LINE SCAN VIDEO SIGNAL 

0 2 

( C )  

Fig. 3.3 The slit 
set-up 

L 6 8 10 12 (mrad)  

SLIT ANGLE w / R  

1) Ideal S R F  for circular detector  

2) Ideal SRF for  square detector 

31 Typical measured SRF 

response function test 
and results (after Ohman) 



so does i t s  angle and t h e  s i g n a l  modulat ion,  u n t i l  t h e  d e t e c t o r  response 

reaches a p l a t e a u  c h a r a c t e r i s t i c  t o  r e s o l v e d  t a r g e t s ,  as shown i n  F ig .  3 . 3 ~ .  

With t h e  above background i n f o r m a t i o n ,  t h e  behav io r  o f  t h e  cu rve  f o r  t h e  

minimum r e s o l v a b l e  tempera tu re  d i f f e r e n c e ,  shown i n  F ig .  3.2 may be 

understood. As t h e  s l i t s  f requency increases,  t h e  modu la t i on  o f  each 

i n d i v i d u a l  s l i t  decreases, and one needs a h i g h e r  temperature d i f f e r e n c e  

between t h e  two p l a t e s  i n  o r d e r  t o  g e t  a minimum modu la t i on  o f  t h e  s i g n a l ,  

enough t o  be d e t e c t e d  by t h e  d e t e c t o r .  

From t h e  p r a c t i c a l  p o i n t  o f  view, t h i s  behav io r  suggests t h a t  t h e  IR 

imaging camera may have d i f f i c u l t y  i n  t r a c k i n g  h i g h  g r a d i e n t  temperature 

f i e l d s .  V i s u a l l y ,  t h i s  may be e x p l a i n e d  i n  t h e  f o l l o w i n g  way: L e t ' s  

approximate t h e  tempera tu re  d i s t r i b u t i o n  o f  a t a r g e t  by a s e r i e s  o f  c o n s t a n t  

t empera tu re  s t r i p s .  As t h e  tempera tu re  g r a d i e n t  increases,  t h e  w i d t h  o f  these 

s t r i p s  decreases and t h e r e f o r e  t h e i r  i n d i v i d u a l  modu la t i on  decreases. Thus, 

as t h e  I R  imaging camera scans such an o b j e c t ,  t h e  e r r o r  o f  t h e  measurement 

w i l l  increase.  In f a c t ,  t h e  graph showing t h e  dependency o f  t h e  e r r o r  i n  t h e  

measurement o f  a h i g h  g r a d i e n t  temperature f i e l d  w i l l  l o o k  v e r y  much l i k e  t h a t  

i n  Fig.  3.2, w i t h  t h e  absc i ssa  r e p r e s e n t i n g  t h e  g r a d i e n t  o f  temperature and 

t h e  o r d i n a t e  r e p r e s e n t i n g  t h e  mesurement e r r o r .  

B e f o r e  c o n c l u d i n g  t h i s  chap te r ,  i t  i s  w e l l  t o  remember t h a t  t h e  i n f r a r e d  

r a d i a t i o n  i n c l u d e s  d i f f r a c t i o n  behav io r ,  which i s  t y p i c a l  t o  e l e c t r o m a g n e t i c  

phenomena. T h i s  means t h a t  t h e  s i g n a l  m o d u l a t i o n  w i l l  n o t  be f u l l  even i f  t h e  

t a r g e t  i s  j u s t  reso lved ,  s i n c e  energy f rom t h e  su r round ings  w i l l  s t i l l  reach 

t h e  d e t e c t o r .  As a r u l e  o f  thumb, t h e  t a r g e t  area t o  be scanned f o r  f u l l  

m o d u l a t i o n  should be a t  l e a s t  t h r e e  t imes  t h a t  o f  t h e  i ns tan taneous  f i e l d  o f  

view ( I F O V ) .  
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3.6 Sumnary 

Use of  i n f r a r e d  imaging systems r e q u i r e s  t h e  unders tand ing  o f  t h e i r  

p r i n c i p l e s  of o p e r a t i o n s ,  as w e l l  as t h e  c h a r a c t e r i s t i c s  o f  t h e  s p e c i f i c  

system which i s  p laced  i n  se rv i ce .  These systems do n o t  measure t h e  

tempera tu re  of  t h e  o b j e c t  be ing  scanned. i i a the r  they  have a v o l t a g e  o u t p u t  

which i s  p r o p o r t i o n a l  t o  t h e  photons number coming from t h e  t a r g e t  and h i t t i n g  

t h e  d e t e c t o r .  T h i s  i n p u t  may be a t tenua ted  by a m u l t i t i r d e  o f  f a c t o r s ,  among 

them t h e  sur face emi t tance  and t h e  atmospher ic a t t e n u a t i o n .  There fo re ,  i n  

e x t r a c t i n g  q u a n t i t a t i v e  da ta  f rom system readings,  i t  i s  t h e  r e s p o n s a b i l i t y  o f  

t h e  exper imen te r  t o  account f o r  a l l  t h e  p o s s i b l e  i n f l u e n c e s  t h a t  may have 

i n f l u e n c e d  t h e  r e s u l t .  Also, i t  was shown t h a t  t h e  IR imaging systems may 

exper ience  d i f f i c u l t i e s  i n  mapping h i g h  temperature g r a d i e n t  f i e l d s .  
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Chapter 4 

THE LAMINAR FLOW JET EXPERIMENT 

F o l l o w i n g  t h e  prom 

assess t h e  capabi  1 i t y  

q u a n t i t a t i v e  r e s u l t s .  

s i n g  p r e  

o f  t h e  

For t h i s  

i m i n a r y  e v a l u a t i o n ,  t h e  nex t  s tep  was t o  

I R  imaging method t o  produce r e l e v a n t  

purpose ' the research was focused on t h e  

mapping of a l am ina r  f l o w  a i r  j e t  u s i n g  t h e  heated w i r e  concept ,  which i s  

shown i n  Fig. 4.1. The ordered behav io r  of  t h i s  f l o w  o f f e r e d  t h e  convenience 

o f  comparing w e l l  understood exper imen ta l  and t h e o r e t i c a l  r e s u l t s .  The 

s f e r  c o r r e l a t i o n s  

n t h e  j e t .  I n  

t h e  c a p a b i l i t y  o f  

measured temperatures were used i n  c o n j u n c t i o n  w i t h  heat  t r a  

i n  o r d e r  t o  deduce t h e  a i r  v e l o c i t y  d i s t r i b u t i o n  w i t h  

p a r t i c u l a r ,  t h i s  f l o w f i e l d  o f f e r e d  t h e  o p p o r t u n i t y  t o  t e s t  

t h e  system t:, map h i g h  g r a d i e n t  temperature d i s t r i b u t i o n s .  

4.1 The Experimental Set-up 

I n  t h i s  exper iment  , t h e  i n f r a r e d  imaging camera scanned t h e  tempera tu re  

d i s t r i b u t i o n  a long  a t h i n ,  e l e c t r i c a l l y  heated Chromel w i r e ,  a sma l l  p a r t  o f  

which was p l a c e d  d i a m e t r i c a l l y  a t  t h e  e x i t  o f  a p i p e  f rom which a l a m i n a r  f l o w  

a i r  j e t  d i scha rged  i n t o  t h e  atmosphere. The camera was p l a c e d  a t  a d i s t a n c e  

o f  0.5 m f rom t h e  w i r e .  A t  t h i s  d i s t a n c e ,  i t  has a s p a t i a l  r e s o l u t i o n  o f  

0.0034 r a d i a n s  and i t s  f i e l d  o f  v iew was 15x15 cm. As shown i n  F ig .  4.2, t h e  

Chromel w i re ,  0.0762 mn i n  d iamete r  (0.003"), was p a r t  o f  a Chromel-Constantan 

thermocouple assembly t h a t  o f f e r e d  t h e  o p p o r t u n i t y  t o  p e r f o r m  i n - s i t u  c a l i b r a -  

t i o n  f o r  t h e  s u r f a c e  emi t tance  value. The knowledge o f  t h i s  v a l u e  i s  c r i t i c a l  

when t h e  o b j e c t i v e  i s  t o  determine s u r f a c e  temperatures and a i r  v e l o c i t i e s  

f rom i n f r a r e d  thermographies.  
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C a l i b r a t i o n s  f o r  sur face emi t tance  p r o p e r t  es a re  u s u a l l y  q u i t e  t e d  
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ous 

processes. As shown i n  Fig.  4.3, t h e  c a l i b r a t i o n s  were performed by a im ing  a 

work ing heat-gun a t  t h e  w i r e  segment i n c l u d i n g  t h e  thermocouple j u n c t i o n ,  thus 

g e t t i n g  a d i r e c t  r e a d i n g  o f  t h e  w i r e  temperature.  P r e v i o u s l y ,  t h e  hes t  gun 

p o s i t i o n  was c a r e f u l l y  ad jus ted  i n  o r d e r  t o  g e t  l o c a l l y  a u n i f o r m  ( f l a t )  

temperature d i s t r i b u t i o n  of  t h e  w i r e  i n  t h e  r e g i o n  a d j a c e n t  t o  t n e  

thermocouple j u n c t i o n ,  w i t h i n  tO.Z°C. The h o t  a i r  t empera tu re  d i s t r i b u t i o n  i n  

t h a t  r e g i o n  was double checked f o r  u n i f o r m i t y ,  i ndependen t l y ,  w i t h  ano the r  

thermocouple,  and t h e  mean h o t  a i r  temperature was measured w i t h  a mercgry 

thermometer. The accuracy o f  each o f  these dev i ces  was iO.2OC. I n  p a r a l l e l ,  

t h e  w i r e  was thermographed by t h e  AGA system and t h e  tempera tu re  o f  t h e  

Chromel w i r e  a d j a c e n t  t o  t h e  thermocouple j u n c t i o n  was analysed w i t h  t h e  Disco 

IF sof tware on t h e  d e d i c a t e d  microcomputer. The emi t tance  i n p u t  o f  t h e  w i r e  

was a d j u s t e d  u n t i l  t h e  temperature r e s u l t  f rom t h e  compu ta t i on  equaled t h a t  o f  

t h e  thermocouple readout.  Since t h e  Disco II@ computer program t h a t  was used 

t o  ana lyze  t h e  thermographies c o u l d  read o n l y  e m i t t a n c e  va lues down t o  two 

dec imal  d i g i t s ,  recourse  was made t o  t h e  atmospher ic t r a n s m i t t a n c e  f a c t o r  t o  

f i n a l l y  a d j u s t  t h e  e m i t t a n c e  value. Th is  r e s u l t  was checked w i t h  ano the r  

so f tware  package supplied by AGA and run on an HP-41 C V  programmable 

c a l c u l a t o r  w i t h  i d e n t i c a l  r e s u l t s .  Thus, f o r  t h e  0.0762 mm (0.00311) d iamete r  

Chromel w i r e  a t  0.5 m d i s t a n c e  f rom t h e  IR imaging camera and modera te l y  I 

overheated ( say  around 350K), t h i s  apparent e m i t t a n c e  has a v a l u e  o f  0.0244, 

as i n d i c a t e d  by t h e  HP 41 C V  c a l c u l a t o r  run program. Wi th t h e  Disco IP  

sof tware,  t h e  e m i t t a n c e  va lue  was s e t  a t  0.03 and t h e  t r a n s m i t t a n c e  a t  0.82, 

t o  g e t  an e q u i v a l e n t  apparent  em i t tance  v a l u e  o f  0.0246. The sequence o f  

s teps  f o r  one such w i r e  c a l i b r a t i o n  i s  g i v e n  i n  Table 4.1. 

I 
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Table 4.1 C a l i b r a t i o n  o f  t h e  Apparent Wire Emit tance 
w i t h  t h e  Disco I P  Computer Program 

Emit tance 
Disco I I @  

Transmit tance 
D isco  I P  

Emit tance 
apparent 

75.4 

75.4 

75.4 

75.4 

75.4 

75.4 

75.4 

75.4 

0.05 

0.04 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

1.00 

1 .oo 
1.00 

0.90 

0.85 

0.83 

0.82 

0.81 

56.1 

61.4 

69.4 

72.3 

74.0 

74.8 

75.2 

75.5 

0.050 

0.040 

0.030 

0.0270 

0.0255 

0.0249 

0.0246 

0.0243 
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The Chrome1 w i r e  l e n g t h  was 40 cm and t h e  Constantan w i r e  l e n g t h  was 10 

cm. The thermocouple assembly was hung between two v e r t i c a l  bars 50 crn apa r t .  

The l e n g t h  t o  d iameter  r a t i o  o f  t h e  Chrome1 w i r e  was 5250:1, so t h a t  t h e  

i n f l u e n c e  o f  t h e  heat conduct ion (on t h e  c e n t r a l  area o f  i n t e r e s t )  t o  t h e  

supports can be neglected.  The w i r e  was heated by a D.C. e l e c t r i c  c u r r e n t  

passing through i t . A cardboard screen was p laced behind t h e  w i r e  t o  p r o v i d e  

a un i fo rm background f o r  t he  I R  imaging camera (see Sec. 2.1). As shown i n  

Fig. 4 .2 ,  t h e  p i p e  e x i t  was p laced a t  2 mm d i s t a n c e  f r o m  t h e  heated w i r e ,  a i  

t h e  cen te r  o f  t h e  Chrome1 sec t i on .  The a i r - s u p p l y  p i p e  had a 13.3 mm (0.545") 

i n t e r n a l  d iameter ,  a 15.9 mm (0.625") o u t e r  d iameter  and a s t r a i g h t  s e c t i o n  D f  

80 cm, thus g e t t i n g  a l e n g t h  t o  d iameter  r a t i o  of 60. The nqminal mean a i r  . 

v e l o c i t y  i n  t h e  p i p e  was about 2 m/sec, and t h e  corresponding Reynolds number 

based on t h e  p i p e  d iameter  was about 1700, which i s  w e l l  under t h e  c r i t i c a l  

Reynolds number o f  2300. The l e n g t h  o f  t h e  s t r a i g h t  s e c t i o n  was considered 

enough t o  p r o v i d e  f u l l y  developed lam ina r  f l o w  i n s i d e  t h e  p ipe ,  j u s t  b e f o r e  

i t s  mouth. According t o  an approximate a n a l y s i s  by S c h i l l e r  ( S c h l i c h t i n g ,  

1968, p. 231) a l e n g t h  t o  d iameter  r a t i o  of 49 cou ld  be considered s a t i s f a c -  

t o r y  f o r  t h e  a c t u a l  Reynolds number. According t o  another a n a l y s i s  by 

Langahaar (Kays and Crawford, 1980, p. 67) ,  t h i s  des ign  i s  acceptable w i t h i n  a 

margin of 5% o f f  t h e  u l t i m a t e  c o e f f i c i e n t  o f  f r i c t i o n  f o r  f u l l y  developed 

f low. Three fine-mesh screens, (each r o t a t e d  a t  45" w i t h  respec t  t o  t h e  

o t h e r s )  were p laced  a t  t h e  e n t r y  of t h e  s t r a i g h t  s e c t i o n  o f  t h e  tube i n  o r d e r  

t o  break down any l a r g e  v o r t i c e s  o r  n o n - u n i f o r m i t i e s  t h a t  m igh t  e x i s t  i n  t h e  

flow. The a i r  was s u p p l i e d  by a s tandard 100 p s i  low-pressure system ( o f  t h e  

t ype  t h a t  i s  commonly i n  use i n  l a b o r a t o r i e s  and workshops). The a i r  mass- 

f low r a t e  was ad jus ted  us ing  a p ressu re  r e g u l a t o r  and by, t a k i n g  t o t a l  p ressu re  

and temperature measurements upstream from a sonic  nozz le  w i t h  t h e  s u i t a b l e  
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c o r r e c t i o n  f o r  i t s  d i scha rge  c o e f f i c i e n t .  The t h r o a t  d iameter  of t h e  nozz le  

was 0.8 mm (0.0315"), and t h e  nominal absolute a i r  p ressu re  upstream the  

nozz le was 304510 N/m2 ( 3 1  p s i g ) .  This pressure was ad jus ted  t o  account f o r  

t h e  nozz le d i scha rge  c o e f f i c i e n t  and v a r i a t i o n s  i n  t h e  a i r  temperature,  t o  ge t  

a nominal c e n t e r l i n e  v e l o c i t y  o f  4 m/sec, determined from P i t o t - t u b e  

measurements (see Sec. 4.3): 

4.2 The Experiment Description 

The exper iments were c a r r i e d - o u t  a t  f o u r  d i f f e r e n t  l e v e l s  o f  h e a t i n g  

corresponding t o  d i s s i p a t i o n  r i t e s  o f  3.47, 4.71, 6.17 and 9.33 watts/m o f  

Chrome1 wire.  The area o f  i t e r e s t  i.e., t h a t  p a r t  o f  t h e  w i r e  t h a t  was 

d i r e c t l y  cooled by t h e  a i r  j e t ,  was about one t e n t h  t h e  f i e l d  o f  v iew o f  t h e  

I R  imaging camera. This  design was made pu rpose ly  t o  eva lua te  t h e  system's 

c a p a b i l i t y  t o  r e s o l v e  l o c a l i z e d  temperature changes i n  t h e  f i e l d  o f  view. 

For each separate experiment, n i n e  consecu t i ve  frames were taken a t  a 

r a t e  o f  0.7 Hz and t h e i r  average was s to red  as a s i n g l e  frame on t h e  

computer 's d i s k e t t e  f o r  l a t e r  ana lys i s .  Dur ing each exper iment,  t h e  range and 

l e v e l  o f  t h e  camera were c a r e f u l l y  s e t  accord ing t o  t h e  t a r g e t  l u m i n o s i t y  i n  

o r d e r  t o  min imize t h e  background noise,  and a t  t h e  same t i m e  t o  p reven t  t h e  

d e t e c t o r  from be ing  under o r  overexposed ( s a t u r a t e d )  t o  t h e  t a r g e t  photons. 

I n  e i t h e r  case, t h e  o u t p u t  ceases t o  be p r o p o r t i o n a l  t o  t h e  f o u r t h  power o f  

t h e  t a r g e t  temperature. 

4.3 The Flowfield 

As p r e v i o u s l y  expla ined,  t h e  w i r e  was p laced  a t  t h e  mouth o f  a p i p e  

designed t o  produce a l am ina r  f l o w ,  i m p l y i n g  a p a r a b o l i c  v e l o c i t y  p r o f i l e  

i n s i d e  t h e  pipe. However, t h e  behav io r  a t  t h e  e x i t  o f  t h e  p i p e  can h a r d l y  be 
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assumed the  same, due t o  t h e  v iscous i n t e r a c t i o n  between t h e  f l o w  and t h e  

s t i l l  surrounding a i r .  Th is  i n t e r a c t i o n  causes t h e  well-known entra inment  

e f f e c t  which a f f e c t s  t h e  f l o w  v e l o c i t y  p r o f i l e  e s p e c i a l l y  a t  i t s  pe r iphe ry .  

Since the  a i r  v e l o c i t i e s  near the  p i p e  w a l l  f a l l  t o  ext remely low va lues t h d t  

are d i f f i c u l t  t o  measure, an at tempt  i s  made t o  es t ima te  t h e  v e l o c i t y  p r o f i l e  

pe rpend icu la r  t o  the  wi re.  According t o  B l e v i n s  (1984, p. 2 3 1 )  a c i r c u l a r  j e t  

i s  f u l l y  laminar  f o r  Reynolds numbers up t o  1000 and f u l l y  t u r b u l e n t  f o r  

Reynolds numbers above 3000. This  Reynolds number i s  based on t h e  d iameter  o f  

t h e  nozz le from which t h e  j e t  issues. Regardless of t h e  j e t  t y p e  o f  f l o w ,  

whether laminar  o r  t u r b u l e n t ,  both of them e x h i b i t  t h e  same t ype  o f  behavior  

w i t h  regard t o  t h e  main parameters of  i n t e r e s t :  t h e  j e t  w i d t h  increases 

l i n e a r l y  w i t h  t h e  a x i a l  d i s t a n c e  ( X )  w h i l e  t h e  c e n t e r l i n e  v e l o c i t y  decreases 

w i t h  i nve rse  p r o p o r t i o n a l i t y  t o  t h e  a x i a l  d i s t a n c e  ( l / X ) ,  see S c h l i c h t i n g  

(1968), p. 686. To t h i s ,  i t  must be added t h a t  i n  b o t h  cases t h e  f l o w  p a t t e r n  

f u l l y  e s t a b l i s h e s  i t s e l f  o n l y  a f t e r  a c e r t a i n  d i s t a n c e  downstream from t h e  

p i p e  e x i t .  I n  t h i s  case o f  i n t e r m e d i a t e  Reynolds number of 1700, t h e  

d i s t i n c t i o n  between lam ina r  and t u r b u l e n t  j e t s  i s  more o f  a semant ic ma t te r .  

The d i f f e r e n c e  i s  whether one assumes t h e  t r a n s i t i o n  t o  be an "ent ra inment"  

phenomenon ( l a m i n a r )  or a "mixing' '  one ( t u r b u l e n t ) .  Therefore,  and f o r  these 

exper iments o n l y ,  f u r t h e r  r e f e r e n c e  w i l l  be made s imp ly  t o  " t h e  c i r c u l a r  j e t ' ' .  

It i s  assumed t h a t  t h e  c o r e f l o w  i s  ve ry  much l i k e  t h e  one i n  t h e  p ipe ,  t h e  

f r a c t i o n a l  change i n  t h e  c e n t e r l i n e  v e l o c i t y  a t  t h e  w i r e  be ing  o f  t h e  o r d e r  o f  

magnitude o f  r e l a t i v e  t o  t h e  nominal v e l o c i t y  i n  t h e  p ipe.  This  

assumption was supported by measurements of t h e  c o r e f l o w  a t  t h e  mouth o f  t he  

p i p e  performed w i t h  a s t a t i c  P i t o t - t u b e  connected t o  a U-shaped g l a s s  

manometer i n c l i n e d  85.3O from t h e  v e r t i c a l .  The measured c o r e  v e l o c i t y  

d i s t r i b u t i o n  versus t h e  p a r a b o l i c  v e l o c i t y  p r o f i l e  i s  shown i n  F ig .  4.4. A t  
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t h e  pe r iphe ry ,  t h e  j e t  w i l l  exper ience an enlargement due t o  t h e  m i x i n g  

e f f e c t .  The magnitude o f  t h i s  s i n g u l a r  enlargement cannot be p r e d i c t e d  i n  a 

s t r a i g h t f o r w a r d  way from the  theory.  Due t o  mathematical  boundary c o n d i t i o n s  

r e q u i r e d  f o r  s o l u t i o n ,  i t  may be assumed t h a t  t h e  j e t  issues from a round s l i t  

i n  an i n f i n i t e  wa l l .  One o f  t h e  techniques t o  match t h e  t h e o r y  w i t h  t h e  

r e a l i t y  i s  t o  assume t h e  nozz le moved back w i t h  t h e  w a l l  a " v i r t u a l "  d i s t a n c e  

t h a t  i s  c a l c u l a t e d  through a s u i t a b l e  matching c r i t e r i o n .  For example, i t  can 

be done by matching t h e  v o l u m e t r i c  r a t e  of f l o w  between the  a c t u a l  j e t  and t h e  

assumed one ( B l e v i n ,  1984, p. 232). Th is  a n a l y s i s  i n d i c a t e s  t h a t  t h e  a c t u a l  

f l o w f i e l d  behavior  around the  w i r e  l i e s  somewhere between t h e  p a r a b o l i c  and 

t h e  c i r c u l a r  j e t  v e l o c i t y  p r o f i l e s .  The two normal ized v e l q c i t y  p r o f i l e s ,  

p a r a b o l i c  versus c i r c u l a r  j e t ,  a re  shown f o r  comparison i n  Fig.  4.5, where t h e  

p o s i t i o n s  of  t h e  i n d i c a t e d  p o i n t s  on t h e  t h e o r e t i c a l  p a r a b o l i c  d i s t r i b u t i o n  

c o i n c i d e  w i t h  t h e  a c t u a l  temperature measurement l o c a t i o n s  as shown i n  Figs.  

4.6 and 4.7 w i t h  an e r r o r  sma l le r  than 2.7% (These f i g u r e s  w i l l  be d iscussed 

i n  d e t a i l  i n  t h e  nex t  sec t i on ) .  Th i s  comparison suggests t h a t  t h e  u n c e r t a i n t y  

w i t h  regard t o  t h e  a c t u a l  f l o w  v e l o c i t y  may be t o o  l a r g e  a t  t h e  two 

(symmet r i ca l )  most p e r i p h e r a l  p o i n t s  and t h L  da ta  t h e r e  should be t r e a t e d  

c a u t i o u s l y .  Another p o i n t  emerging from Fig. 4.5 i s  t h a t  t h e  e f f e c t i v e  r a d i u s  

o f  t h e  c i r c u l a r  j e t  f l o w  i s  about 1.8 t imes t h e  r a d i u s  o f  t h e  pipe. T h i s  f a c t  

i s  d i r e c t l y  supported by t h e  exper imenta l  evidence presented i n  t h e  nex t  

s e c t i o n  i n  Figs. 4.6 and 4.7, where t h e  cooled s e c t i o n  o f  t h e  w i r e  i s  l a r g e r  

than t h e  i n t e r n a l  r a d i u s  o f  t h e  pipe. Assuming t h a t  t h e  e x t e n t  o f  t h e  cooled 

s e c t i o n  i s  an i n d i c a t i o n  o f  t h e  e x t e n t  o f  t h e  a c t u a l  f l o w f i e l d ,  i t  can be 

i n f e r r e d  t h a t  t h e  c a p a b i l i t y  of t h e  i n f r a r e d  imaging system t o  map t h e  co re  as 

w e l l  as t h e  e n t r a i n e d  f l o w  reg ions  i s  demonstrated. Indeed, i f  one assumes 

t h e  f l o w  v e l o c i t i e s  t o  be approx imate ly  t h e  same i n  a l l  f o u r  experiments, t h e  
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cooled s e c t i o n  o f  t h e  w i r e  l e n g t h  i n d i c a t i n g  t h e  j e t  w id th  w i l l  be t h e  same 

too,  under t h e  assumption o f  n e g l i g i b l e  r a d i a t i o n  and conduct ion.  Hence, t h e  

"wavelength" of t h e  w i r e  e x h i b i t i n g  a va ry ing  temperature d i s t r i b u t i o n  w i l l  be 

t h e  same i n  a l l  f o u r  experiments. The v a l i d i t y  o f  t h i s  assumption i s  examined 

next. 

4.4 Results and D iscuss ion  

The raw da ta  o f  t h e  i n i t i a l  experiments a t  t h e  t h r e e  lower h e a t i n g  r a t e s  

a re  presented i n  Fig.  4.6. The darkened symbols a re  g i ven  f o r  comparison and 

represent  t h e  expected temperature d i s t r i b u t i o n  along t h e  s e c t i o n  o f  t h e  w i r e  

d i r e c t l y  exposed t o  t h e  l am ina r  f low.  The r e s p e c t i v e  temperatures were 

p r e d i c t e d  from t h e  r e l a t i o n ,  

Nu = 0.795 Re 0*384, 1 < Re < 35 (4.1) 

which i s  a . c r o s s - f l o w  c o r r e l a t i o n  deduced by Morgan (1975) through s t a t i s t i c a l  

a n a l y s i s  o f  some 200 independent exper imenta l  and t h e o r e t i c a l  s tud ies .  

Al though Eq:(4.1) r e f e r s  t o  two-dimensional f l ows ,  and t h e  c i r c u l a r  j e t  i s  a 

three-d imensional  f l o w ,  i t  i s  s t i l l  p o s s i b l e  t o  use t h i s  equa t ion  i n  t h e  

p resen t  a p p l i c a t i o n  because t h e  w i r e  d iameter  i s  almost t h r e e  o rde rs  o f  

magnitude t h i n n e r  than  t h e  j e t .  Thus, i t  i s  assumed t h a t  t h e  w i r e  i s  on t h e  

p l a n e  of symnetry o f  t h e  j e t ,  where t h e  f l ow ,  l o c a l l y  can be assumed two- 

dimensional .  The a i r  v e l o c i t i e s  t o  be used i n  Eq. (4.1) were c a l c u l a t e d  

assuming p a r a b o l i c  v e l o c i t y  d i s t r i b u t i o n  as p r e d i c t e d  by t h e  v i scous - f l ow  

t h e o r y  

3 
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where U ( r )  i s  t h e  l o c a l  a i r  v e l o c i t y  i n s i d e  the  j e t ,  Umax i s  t h e  maximum a i r  

v e l o c i t y  a t  t h e  c e n t e r  o f  t h e  p ipe ,  r i s  the r a d i a l  coord inate and R i s  t h e  

i n t e r n a l  r a d i u s  of t h e  pipe. I n  t h i s  case, Umax = 4 m/sec. The f i n a l  r e s u l t  

t h a t  c o r r e l a t e s  t h e  temperature d i f f e r e n c e  between t h e  heated w i r e  AT( r )  and 

t h e  a i r f l o w  (see Appendix A, Eq. A 7 )  i s  g i v e n  by 

where 4 i s  t h e  e l e c t r i c a l  heat genera t i on  p e r  u n i t  l e n g t h  of w i re ,  ka i s  t h e  

heat  c o n d u c t i v i t y  o f  t h e  a i r  and i s  t h e  k inemat ic  v i s c o s i t y  c o e f f i c i e n t  

o f  t h e  a i r .  The Reynolds number a t  t h e  computed p o i n t s  v a r i e d  rough ly  between 

va 

4 t o  20. F igu re  4.6 i n d i c a t e s  t h a t  i n c r e a s i n g  t h e  w i r e  overheat va lue  

improves t h e  s i g n a l  t o  no i se  r a t i o  and t h e  r e s u l t i n g  acqui red da ta  i s  b e t t e r  

c o r r e l a t e d .  The q u a n t i t a t i v e  evidence i s  presented i n  Table 4.2 where r2 i s  

t h e  ( s t a t i s t i c a l )  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  (see Appendix A, Eq. A.4). On 

t h e  nega t i ve  s ide,  h i g h  ove rhea t ing  may cause changes i n  s u r f a c e  emi t tance,  

excess ive w i r e  e l o n g a t i o n  ( w i t h  r e s u l t i n g  v i b r a t i o n s )  and thermal contamina- 

t i o n  o f  t h e  f low.  .Thus, t h e  overheat va lue should n o t  be s e t  t o  exaggerated 

values. A second obse rva t i on  r e l a t e s  t o  t h e  f a c t  t h a t  t h e  measured temperature 

values s y s t e m a t i c a l l y  depar t  f rom t h e  expected values accord ing t o  Eq. (4.3.). 

These t r e n d s  become more e v i d e n t  i n  t h e  da ta  from t h e  experiment w i t h  t h e  

h i g h e s t  h e a t i n g  l e v e l  presented i n  Fig. 4.7,  where t h e  w i r e  temperature 

d i f f e r e n c e  i s  graphed i n  o r d e r  t o  make t h e  r e s u l t s  more meaningful  f o r  heat  

t r a n s f e r  evaluat ions.  

Since t h e  c o r r e l a t i o n  g i ven  by Eq. (4.1) accounts o n l y  f o r  t h e  fo rced  

convect ive heat  t r a n s f e r ,  t h e  magnitudes of  t h e  o t h e r  two heat t r a n s f e r  modes, 

namely conduct ion and r a d i a t i o n ,  were est imated i n  o r d e r  t o  assess t h e i r  



Table 4.2 The c o e f f i c i e n t  o f  de te rm ina t ion  r2 fo r  t h e  temperature 
measurements made w i t h  t h e  i n f r a r e d  imaging system us ing  
t h e  heated w i r e  technique a t  va r ious  l e v e l s  of  h e a t i n g  
r a t e s ,  exposed t o  a c i r c u l a r  j e t .  
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Exp e r i men t 
# 

Heat ing r a t e  
[w /m w i r e ]  

2 *  
E%1 

3.47 

4.71 

6.17 

9.33 

~~ ~ 

41.0 

53.1 

80.1 

98.2 

*Adjusted f o r  degree o f  freedom. 
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Moosurod  Eqn. L . 2  
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Fig. 4.7 Heated wire temperature difference 
distribution when exposed to a 
laminar jet. 1 pixel=1.154 mm. 

(highest heating rate) 



i n f l uence  on the  r e s u l t s .  The r a d i a t i o n  e f f e c t  was found t o  be n e g l i g i b l e .  

Because of  t h e  moderate w i r e  overheat values, t h e  emi t tance  was assumed 

constant  and, accord ing t o  K i r c h h o f f  r u l e ,  t h e  absorbtance could be taken t o  

be t h e  same as t h e  emi t tance (Ecke r t  and Drake, 1972, p. 612). Thus, even f o r  

an overheat of,  say, 80K above t h e  room ambient t h e  r a d i a t i o n  e f f e c t  t u rned  

ou t  t o  be t h r e e  o rde rs  o f  magnitudes lower than t h e  generated heat. In o r d e r  

t o  es t ima te  t h e  p o s s i b l e  heat conduct ion c o n t r i b u t i o n ,  t h e  measured tempera- 

t u r e  p r o f i l e  o f  t h e  experiment w i t h  t h e  h ighes t  overheat was approximated by a 

po lynomia l  f u n c t i o n  t h a t  i n d i c a t e d  a maximum temperature g r a d i e n t  o f  2524K/m. 

With a mean w i r e  thermal c o n d u c t i v i t y  o f  50 w/mK, t h e  conduc t i ve  l o s s  f o r  a 

w i r e  element between two adjacent sampling p o i n t s  i s  s t i l l ,  two o r d e r  o f  

magnitudes lower than t h e  generated heat and t h e  i n f l u e n c e  o f  t h i s  mechanism 

can be d i sca rded  too. 

Table 4.3 p resen ts  i n  a t a b u l a r  form t h e  depar tu re  o f  t h e  Nusse l t  number 

as deduced from t h e  temperature and hea t ing  r a t e  d a t a  of  experiment #4 f r o m  

t h e  Nussel t  number as p r e d i c t e d  by Eq. ( 4 . 1 ) ,  and assuming t h e  p a r a b o l i c  

v e l o c i t y  d i s t r i b u t i o n  i n s i d e  t h e  j e t .  The p o s i t i v e  d e p a r t u r e  va lues e x h i b i t e d  

by t h e  r e s u l t s  r a i s e s  t h e  susp ic ion  t h a t  t h e  i n f r a r e d  imaging system may have 

d i f f i c u l t y  i n  a c c u r a t e l y  mapping h i g h  g r a d i e n t  temperature f i e l d s .  S t a l l i n g s  

and Whetsel (1982) came t o  a s i m i l a r  conc lus ion  u s i n g  a s i m i l a r  camera 

(Thermovis iorP 680) t o  map t h e  temperature v a r i a t i o n  a long a b a r  w i t h  an 

almost cons tan t  temperature g rad ien t .  T h e i r  da ta  show t h a t  w h i l e  t h e  system 

could t r a c k  temperature g r a d i e n t s  o f  109K/m (5R/ in )  w i t h  a 21% e r r o r ,  a t  

262K/m (12R/in) t h i s  e r r o r  increased t o  -1.5%, b u t  t h e y  d i d  n o t  pursue t h i s  

i s s u e  t o  determine t h e  dependency of  t h e  e r r o r  on t h e  temperature g r a d i e n t  o f  

t h e  measured f i e l d ,  as may be done i n  t h e  p resen t  c i rcumstances. 
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Table 4.3 Nussel t  number comparison f o r  t h e  laminar  f l o w  j e t  
us ing  t h e  heated w i r e  technique f o r  experiment #4 
( h i g h e s t  overheat) .  

P i x e l  Re* Nu( c o r r e l a t i o n )  Nu 
# [Ac tua l ]  [=  0.795 Re 0*3841 [Ac tua l ]  4, Nu(act)-Nu ( c o r  [%I 

~ ~ ~ _ _ _ _ _ _ _ _ ~ _ _ _ _ ~ ~ ~ ~ ~  ~~ 

0 17.018 2.361 

+1 16.508 2.333 

-1 16.508 2.333 

+2 14.976 2.248 

-2 14.976 2.248 

+3 12.423 2.092 

-3 12.423 2.092 

2.384 

2.357 

2.337 

2.312 

2.337 

2.268 

2.244 

0.9 

1.0 

0.2 

2.9 

4.0 

8.0 

7.3 

+4 8.892 1.840 2.180 18.4 

-4 8.892 1.840 2.163 17.6 

+5 4.297 1.397 2.029 45.2 

-5 4.297 1.397 2.009 43.8 

* 
Decreasing Reynolds number co inc ides  w i t h  i n c r e a s i n g  temperature 
g r a d i e n t  due t o  t h e  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  f l o w f i e l d .  
F i g u r e  4.7 and Appendix A 3 )  

(See 
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I n  t h i s  case, i t  w i l l  be e a s i e r  t o  eva lua te  t h e  i n f l u e n c e  o f  t h e  

temperature f i e l d  g r a d i e n t  on t h e  measurement accuracy,  because o f  t h e  

p o s i t i o n  dependence o f  t h e  temperature g r a d i e n t  along t h e  wi re.  For t h i s ,  i t  

was assumed t h a t  t he  a c t u a l  w i r e  temperature d i s t r i b u t i o n s  cou ld  be 

approximated by a cos ine- type f u n c t i o n  between X = 0 a t  t h e  maximum w i r e  

temperature and X = x/2 a t  t he  minimum w i r e  temperature ( 0  and IT rad ians 

r e s p e c t i v e l y ) .  Th i s  approx imat ion func t i on  was suggested by t h e  exper imenta l  

da ta  shape. Whi le do ing  t h i s ,  i t  was assumed t h a t  t h e  temperature 

measurements a re  e s s e n t i a l l y  c o r r e c t  i n  reg ions w i t h  no sharp g r a d i e n t s  

( S t a l l i n g s  and Whetsel, 1982). The approximat ing f u n c t i o n s  a re  presented i n  

Appendix A3. The f i n a l  r e s u l t  i s  presented i n  Fig. 4.8, where t h e  es t ima ted  

e r r o r  i n  t h e  measured Nussel t  number r e l a t i v e  t o  t h e  expected va lues from Eq. 

(4.1) a re  shown versus t h e  temperature g r a d i e n t  a long t h e  w i r e  a t  t h e  l o c a t i o n  

o f  measurement. The Nussel t  number e r r o r  shown i n  Fig.  4.8 was u n i f o r m l y  

ad jus ted  by t h e  d i f f e r e w e  between t h e  exper imental  and t h e  c o r r e l a t i o n  va lues 

found a t  t h e  p o i n t  w i t h  'zero temperature g rad ien t .  Th i s  smal l  d i sc repancy '  

(see Fig.  4.7) was assumed t o  be a systemat ic  e r r o r  a p p l y i n g  a l l  a long t h e  s e t  

o f  da ta  be longing t o  t h e  same experiment. The d a t a  p o i n t s  f o r  Fig. 4.8 were 

taken from t h e  l a s t  two exper iments ( w i t h  t h e  h ighe r  h e a t i n g  r a t e s )  were t h e  

s i g n a l  t o  no i se  r a t i o  was p r e v i o u s l y  found t o  be h i g h  enough t o  produce well 

c o r r e l a t e d  data. Data p o i n t s  f o r  t h e  two most p e r i p h e r a l  p o i n t s  i n  each 

exper iment,  t o  which r e f e r e n c e  was made p r e v i o u s l y ,  have been excluded. The 

l i n e  i n  Fig. 4.8 should n o t  be i n t e r p r e t e d  as t h e  r e g r e s s i o n  curve on t h e  d a t a  

p o i n t s .  It i s  r a t h e r  shown t h e r e  w i t h  t h e  purpose o f  i n d i c a t i n g  t h e  t r e n d  o f  

t h e  f ind ings.  The conc lus ion  o f  t h i s  a n a l y s i s  i s  t h a t  Nusse l t  numbers va lues 

deduced from t h e  I R  imaging system temperature measurements w i l l  always be 

h i g h e r  than t h e  a c t u a l  ones. The e x p l a n a t i o n  l a y s  i n  t h e  f a c t  t h a t  t h e  
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hea t ing  r a t e  i s  known and constant ,  t h e  d i s s i p a t i o n  i s  e f fected s o l e l y  by 

convect ion,  and t h e  a c t u a l  w i r e  temperaturss a re  h i g h e r  than t h e  measured 

ones. Therefore, Nussel t  numbers t h a t  a re  deduced based on t h i s  k i n d  o f  

i n f o r m a t i o n  should be c o r r e c t e d  t o  a c t u a l  va lues by s u b s t r a t i n g  t h e  e r r o r  

i n h e r e n t l y  assoc ia ted  w i t h  t h i s  t ype  o f  measurements. 

One ques t i on  t h a t  remains open on t h i s  i ssue  i s  whether t h e  i n f r a r e d  

camera l i m i t a t i o n  t o  t r a c k  h i g h  temperature g r a d i e n t s  i s  a f u n c t i o n  o f  t h e  

abso lu te  va lue o f  t h e  g r a d i e n t  i t s e l f  (K/m), o r  o f  t h e  v a r i a t i o n  o f  t h e  

temperature i n  t h e  instantaneous f i e l d  o f  view (K/IFOV o r  K/rad).  To answer 

t h i s  problem, i t  would be necessary t o  undertake another s e t  o f  exper iments,  

d e v i a t i n g  f rom t h e  o b j e c t i v e s  s e t - o u t  f o r  t h i s  research. '* However, t h e  

resemblance between Figs.  4.8 and 3.2 r e l a t i n g  t h e  minimum d e t e c t a b l e  

temperature d i f f e r e n c e  i s  remarkable. Indeed, t h e  p r e d i c t i o n  made on t h e  

b a s i s  o f  t h e  I R  imaging camera o p e r a t i o n a l  c h a r a c t e r i s t i c s  about i t s  i n a b i l i t y  

t o  a c c u r a t e l y  r e s o l v e  h i g h  temperature g r a d i e n t s  t u r n e d  o u t  t o  be t r u e .  

The q u a n t i t a t i v e  e s t i m a t i o n  of  t h e  performance o f  t h e  i n f r a r e d  imaging 

system i n  t h i s  case i s  a ve ry  d i f f i c u l t  task. The f i r s t  d i f f i c u l t y  r e f e r s  t o  

t h e  r e l i a b i l i t y  of t h e  heat t r a n s f e r  da ta  chosen t o  be t h e  reference.  As 

Morgan p o i n t s  ou t ,  "The pe rcen t  c o e f f i c i e n t  o f  v a r i a t i o n  o f  the Nusselt number 

f o r  a g i ven  Reynolds number f o r  t h e  exper imenta l  d a t a  v a r i e s  f rom 10% t o  29% 

depending on t h e  Reynolds number, whereas t h a t  f o r  t h e  v a r i o u s  c o r r e l a t i o n s  

v a r i e s  f rom 10% t o  46%". Based on t h e  p resen t  measurements, and r e f e r r i n g  

o n l y  t o  those performed i n  near zero temperature g r a d i e n t  reg ions,  i t  was 

found ou t  t h a t  t h e  exper imenta l  Nusse l t  number based on i n f r a r e d  imaging 

system measurements cou ld  f u r t h e r  va ry  by as much as 3.3% from t h e  p r e d i c t e d  . 
one by Eq. (4 .1 )  t o  which Morgan's remark re fe rs .  The second d i f f i c u l t y  

r e f e r s  t o  t h e  f a c t  t h a t  t h e  exper imenta l  da ta  se t  r e s u l t e d  from a s e r i e s  o f  
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processes on t h e  raw ( d e t e c t o r )  s i g n a l ,  t h a t  p r a c t i c a l l y  no th ing  i s  known 

about t h e  t r a n s f e r  f u n c t i o n  o p e r a t i n g  on it. F i r s t ,  t h e r e  i s  t h e  IR imaging 

camera, then i t s  accompanying analog processor  and f i n a l l y  t h e  computer 

d i g i t i z e r  and i t s  sof tware.  (Severa l  at tempts t o  ge t  some i n f o r m a t i o n  about 

these t r a n s f e r  f u n c t i o n s  from t h e  s u p p l i e r s  were no t  answered). Therefore,  

t h e r e  i s  no choice l e f t  bu t  t o  look a t  t h i s  system as a "b lack  box" and t o  

assess i t s  performance by c o n t r o l l e d  exper iments,  even though t h i s  t a s k  i s  

double compl icated because o f  t h e  u n c e r t a i n t y  induced a t  the same t ime  by bo th  

t h e  measurement apparatus and t h e  re fe rence  data.  In any case, t h e  t r e n d  i n  

Fig. 4.8 shows t h a t  t h e  accuracy of t h e  deduced Nussel t  numbers f rom tempera- 

t u r e  measurements performed w i t h  t h e  i n f r a r e d  imaging system i s  adve rse l y  

i n f l u e n c e d  by t h e  ex i s tence  o f  a temperature g r a d i e n t  a t  t h e  l o c a t i o n  o f  

i n t e r e s t .  I t  a l so  con f i rms  t h a t  t h i s  system may be ab le  t o  t r a c k  a c c u r a t e l y  

temperature v a r i a t i o n s  up t o  about 350 K/m which i s  i n  good agreement w i t h  t h e  

f i n d i n g s  o f  S t a l l i n g s  and Whetsel (1984). Furthermore, accord ing t o  t h e  

evidence presented, a t  h i g h  temperature g r a d i e n t s  t h e  i n d i c a t e d  temperature i s  

always lower than t h e  a c t u a l  one. Th is  suggests t h a t  i t  i s  p o s s i b l e  t o  

produce a c a l i b r a t i o n  curve s i m i l a r  t o  Fig. 4.8 and use i t  t o  c o r r e c t  t h e  

exper imenta l  measurements p r i o r  t o  process ing t h e  data. 

The u n c e r t a i n t y  w i t h  respect  t o  t h e  accuracy o f  heat  t r a n s f e r  c o r r e l a -  

t i o n s  i s  f u r t h e r  emphasized by t h e  r e s u l t s  measured on t h e  uncooled p o r t i o n s  

o f  t h e  wire.  Al though t h e  f r e e  convec t i on  heat t r a n s f e r  was o u t  o f  t h e  scope 

o f  t h e  present  study, i t  was i n t e r e s t i n g  t o  observe t h a t  on those  segnents, 

t h e  p r e d i c t e d  Nussel t  number as regressed by Morgan, g r o s s l y  underest imates 

t h e  a c t u a l  heat  t r a n s f e r  process, as i t  i s  shown i n  Table 4.4. 

The v e r i t y  o f  t h e  p resen t  f i n d i n g s  a re  i n d i r e c t l y  supported by Fand e t  

a l .  (1977)  where i t  i s  shown t h a t  as the  Ray le igh  number (Ra = G r  Pr) 
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Table 4.4 Mean temperature d i f f e r e n c e  between t h e  heated w i r e  
under f r e e  convect ion and t h e  ambient a i r  as  a 
f u n c t i o n  of  t h e  w i r e  heat d i s s i p a t i o n .  

0 " 

AT p r e d i c t e d  (K) AT ( K )  * Nu- Gr c o r  r . Experiment a 1 
q0 

(w/m w i r e )  

3.47 65 25.6 

4.71 

6.17 

9.33 

86 

110 

161 

34.5 

44.8 

63.9 

*See Appendix A 2  i t e m  3. 
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decreases, t h e  d iscrepancy between p r e d i c t i o n s  based on Morgan's c o r r e l a t i o n s  

and the  data ob ta ined  increases. It may reach as much as 30% f o r  Ra numbers 

as low as 300. I n  t h e  present  case, t he  Ra numbers were even lower,  t y p i c a l l y  

10-3. 

The deduct ion o f  t h e  v e l o c i t y  p r o f i l e  from t h e  measured temperature 

p r o f i l e  through Nu-Re c o r r e l a t i o n s  i s  a l so  poss ib le .  Th is  t ime,  t h e  

process i s  reversed and assuming the c o r r e c t  c o r r e l a t i o n  i s  a v a i l a b l e ,  t h e  

known d i f f e r e n t i a l  temperature i s  used t o  c a l c u l a t e  t h e  v e l o c i t y  t h a t  would 

produce it. This  approach i s  schemat i ca l l y  shown i n  Fig.  4.9 and q u a n t i t a -  

t i v e l y  descr ibed i n  Appendix A2 i t e m  5. ' The r e s u l t s  f o r  t h e  f i r s t  t w o  

exper iments ( l ower  h e a t i n g  r a t e s )  a re  presented i n  Fig.  4.10 w h i l e  t h e  r e s u l t s  

f o r  t h e  l a s t  two exper iments ( w i t h  t h e  h i g h e s t  h e a t i n g  r a t e )  a re  presented i n  

Figs .  4.11 and 4.12. For t h e  p r e d i c t e d  v e l o c i t y  va lues,  Eq. ( 4 . 3 )  was 

re fo rmu la ted  t o  express t h e  l o c a l  j e t  v e l o c i t y  U ( r )  i n  terms o f  t h e  l o c a l  

temperature d i f f e r e n c e  A T ( r )  between t h e  heated w i r e  and t h e  a i r  

. 2.604 0.909 v- I a 

R U ( r )  = ( 4 . 4 )  

Once again t h e  reader i s  reminded t h a t  t h e  two most p e r i p h e r a l  p o i n t s  i n  each 

graph should be regarded more as a mathematical  f e a t u r e  ( a r i s i n g  f rom t h e  

assumed p a r a b o l i c  d i s t r i b u t i o n )  than an a c t u a l  p h y s i c a l  r e a l i t y .  A comparison 

between Figs. 4.10-4.12 o n l y  emphasizes how impor tan t  i s  i n  t h i s  case t o  g e t  

w e l l  c o r r e l a t e d  temperature measurements be fo re  proceedings w i t h  t h e  d a t a  

p rocess ing  (see Table 4.2).  The e x p l a n a t i o n  of  t h e  h i g h e r  s c a t t e r  o f  t h e  

deduced v e l o c i t i e s  (F ig .  4.10) than t h a t  o f  t h e  temperature d a t a  f rom which 

they  were deduced (F ig .  4.6) l i e s  i n  t h e  behavior  of t h e  Nu-Re c o r r e l a t i o n s .  

These c o r r e l a t i o n s  assume a behavior  l i k e ,  Nu - Ren 0 < n < 1. In t h e  former 

case one ge ts  A T - U n  w h i l e  i n  t h e  l a t t e r  t hus  causing t h e  deduced 
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v e l o c i t y  behav io r  U t o  be q u i t e  sens t i v e  t o  the  s c a t t e r  o f  t h e  temperature 

measurements. I n  s p i t e  o f  t h i s  f a c t  the r e s u l t s  o f  t h e  exper iments w i t h  t h e  

h i g h e r  h e a t i n g  r a t e s  (and thus t h e  best  c o r r e l a t e d  d a t a )  prove t h a t  t h e  

concept o f  deducing v e l o c i t y  i n f o r m a t i o n  i s  v i a b l e .  

The encouraging aspect of  t h i s  approach i s  t h a t  as t h e  Reynolds number 

increases w i t h  t h e  v e l o c i t y ,  so does t h e  heat t r a n s f e r  c o e f f i c i e n t ,  on a power 

law b a s i s  (Morgan, 1975) .  The ne t  r e s u l t  o f  t h i s  fea tu re  i s  t o  increase 

s u b s t a n t i a l l y  t h e  accuracy o f  the v e l o c i t y  p r e d i c t i o n s  from the  temperature 

measurements. 

4.5 Sumnary 

Th is  s e t  of experiments showed t h a t  us ing  an i n f r a r e d  imaging system, one 

can d e t e c t  l o c a l  temperature v a r i a t i o n s ,  and hence Nussel t  number v a r i a t i o n s ,  

t h a t  may occur  over  a very l i m i t e d  p o r t i o n  o f  t h e  camera's f i e l d  o f  view. The 

concept proved t o  be a p p l i c a b l e  i n  t h e  core r e g i o n  o f  t h e  f l o w  as w e l l  as i n  

t h e  e n t r a i n e d  p a r t  of it. The c a p a b i l i t y  of a c c u r a t e l y  t r a c k i n g  temperature 

v a r i a t i o n s  was found t o  be i n  t h i s  case as h i g h  as 

t o  be answered i s  whether o r  n o t  t h i s  l i m i t  i s  se t  

350 K/m. A ques t ion  s t i l l  

by t h e  a c t u a l  va lue  o f  t h e  

temperature g r a d i e n t ,  o r  by t h e  v a r i a t i o n  o f  t h e  temperature i n  t h e  f i e l d  o f  

view of t h e  I R  imaging camera. The inve rse  approach o f  us ing  temperature 

measurements i n  c o n j u n c t i o n  w i t h  heat t r a n s f e r  c o r r e l a t i o n s  t o  deduce l o c a l  

v e l o c i t i e s  was shown t o  be p o s s i b l e  i n  p r i n c i p l e .  Th i s  method shows promise 

f o r  use i n  aerodynamic research: (1) prov ided t h e  w i r e  overheat  i s  h i g h  

enough t o  ge t  good s i g n a l  t o  no i se  r a t i o  measurements, ( 2 )  t h e  temperature 

g r a d i e n t  problem i s  so lved by approp r ia te  c a l i b r a t i o n s ,  and, ( 3 )  more accu ra te  

forced convec t i ve  heat  t r a n s f e r  c o r r e l a t i o n  may be found. The l a s t  c o n d i t i o n  

should be viewed n o t  o n l y  i n  t h e  pe rspec t i ve  of  t h i s  p a r t i c u l a r  research, b u t  
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i n  t h e  wider  c o n t e x t  o f  b e t t e r  understanding t h e  comp lex i t y  o f  convec t i ve  hea t  

t r a n s f e r  processes. 
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Chapter 5 

THE FLAT PLATE EXPERIUENT 

Fo l low ing  t h e  heated w i r e  experiments t h a t  e s s e n t i a l l y  i nvo l ved  o n l y  one 

mode of  heat t r a n s f e r  namely convect ion,  t h e  a t t e n t i o n  tu rned  t o  a more 

genera l  t y p e  of experiment i n  which a l l  t h r e e  modes were invo lved.  The cho ice  

was a laminar  f l a t  p l a t e  exper iment which was designed t o  measure su r face  

temperatures on an a c t i v e l y  heated su r face  subjected t o  a un i fo rm f ree-st ream 

f low. The purpose was t o  produce an "aerodynamic" t a r g e t  whose temperature 

d i s t r i b u t i o n  as measured by t h e  i n f r a r e d  imaging system could be assessed by 

a n a l y t i c  r e s u l t s  from v e l o c i t y  and thermal boundary l a y e r  ana lys i s .  

5.1 The Experimental Set-Up 

The t a r g e t  f l a t  p l a t e  measured 32 cm. chordwise, 90 cm. spanwise, was 

made of wood, and had a sharp l e a d i n g  edge o f  t h e  type assumed i n  t h e  B l a s i u s  

a n a l y s i s  o f  t h e  boundary l aye r .  The IR imaging camera was p laced l a t e r a l l y  a t  

55 cm. f rom t h e  t a r g e t ,  behind a second p l a t e  ( p a r a l l e l  t o  the  f i r s t  one),  

w i t h  a c i r c u l a r  h o l e  through which t h e  camera cou ld  view t h e  t a r g e t .  Th is  was 

done i n  o r d e r  t o  p reven t  t h e  v o r t i c e s  shedded from t h e  camera from i n t e r f e r i n g  

w i t h  the flow over the  target plate. The experiments were c a r r i e d  o u t  i n  a 

0.9x1.2 m ( 3 I x 4 ' )  low speed wind- tunnel ,  where t h e  e n t i r e  assembly was p laced  

v e r t i c a l l y  as shown i n  Fig. 5.1. The zero angle o f  a t t a c k  o f  t h e  p l a t e s  was 

determined by u s i n g  a c y l i n d r i c a l  two-hole d i f f e r e n t i a l  p ressu re  probe 

connLLted t o  a U-shape g l a s s  manometer. I n  o rde r  t o  e l i m i n a t e  e r r o r s  

assoc ia ted  w i t h  geomet r i ca l  misal ignments,  t h e  zero ang le  o f  a t t a c k  was 

e s t a b l i s h e d  from t h e  mean of two readings, w i t h  t h e  p ressu re  probe a t  i t s  

normal p o s i t i o n  and then r o t a t e d  180" around i t s  a x i s .  Separate ly  t h i s  

measurement was done w i t h  a vane-type i n d i c a t o r  work ing on t h e  weathercock 
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s t a b i l i t y  p r i n c i p l e .  The accuracy o f  bo th  dev ices was e s t a b l i s h e d  t o  be 

w i t h i n  0.5'. 

The t a r g e t  f l a t  p l a t e  was p laced i n  t h e  wind- tunnel  a t  t0.5 degree angle 

of a t t a c k  i n  o r d e r  t o  be on t h e  safe s ide  rega rd ing  t r a n s i t i o n .  The a c t i v e  

h e a t i n g  of t h e  t a r g e t  p l a t e  was achieved l o c a l l y ,  a t  one t h i r d  of  t h e  span, by 

wrapping chordwise a 0.00397" Constantan w i r e  t h r e e  t imes around t h e  p l a t e  a t  

2 mm p i t c h ,  and connect ing i t  t o  a power supply. To ensure u n i f o r m  su r face  

t e x t u r e ,  roughness and heat ing,  these wi res and t h e  e n t i r e  surrounding area i n  

t h e  f i e l d  o f  view o f  t he  camera were covered chordwise w i t h  t h r e e  ad jacen t  

s t r i p s  of 2" wide d u c t  tape. A t  85 mm. from t h e  l e a d i n g  edge, a Chrome1 w i r e  

was so ldered t o  t h e  Constantan w i r e  and i t s  l ead  was taken s t r a i g h t  t o  t h e  

back o f  t h e  p l a t e  through a very smal l  ho le t h a t  was d r i l l e d  i n  t h e  wood. As 

shown i n  Fi 3 .  5.2, t h i s  l ayou t  p e r m i t t e d  t h e  exper imenter  t o  c a r r y - o u t  

emi t tance ca i b r a t i o n s  of t h e  duct - tape su r face  by p r o v i d i n g  t h e  t r u e  s u r f a c e  

temperature. Hence, t h e  Constantan w i r e  played a dual  r o l e  i n  t h i s  e x p e r i -  

ment, e i t h e r  as a h e a t i n g  element when connected t o  t h e  power supply ,  o r  as a 

thermocouple element when connected t o  a d i g i t a l  thermometer. The d e s i r e d  

f u n c t i o n  was s e l e c t e d  by s w i t c h i n g  between the  two c i r c u i t s .  

5.2 The Experiment Description 

The g u i d i n g  r u l e  i n  pe r fo rm ing  these experiments was t o  make them as 

s h o r t  as p o s s i b l e .  There were two reasons f o r  t h i s ;  one, concern ing t h e  wind- 

t u n n e l  ope ra t i on ,  t h e  o t h e r  concerning t h e  s u b s t r a t e  p a r t i c i p a t i o n  i n  t h e  heat  

t r a n s f e r  process. Since t h e  wind-tunnel  used i n  t h i s  exper iment i s  of c losed  

c i r c u i t  type,  t h e  l onger  t h e  o p e r a t i o n  p e r i o d  t h e  h i g h e r  i s  i t s  a i r  

temperature. A t  room temperature,  t h e  i n i t i a l  r i s e  of t h e  a i r  temperature i n  

t h e  wind- tunnel  i s  about 1.2"C/min. This  phenomenon has a n e g a t i v e  i n f l u e n c e  

e 
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7 1  

on t h e  heat t r a n s f e r  process from the  f l a t  p l a t e  t o  t h e  f l u i d  and i n  genera l  

i s  d i s r u p t i v e  t o  i n f r a r e d  measurements. The o t h e r  concern was t h a t  long 

p e r i o d s  of hea t ing ,  would a f f e c t  t he  s u b s t r a t e  t o  an unknown degree r e s u l t i n g  

i n  long c o o l i n g  t imes between runs and i r r e p r o d u c i b l e  r e s u l t s .  I n  t h i s  

respect ,  t h e  thermocouple used f o r  emi t tance c a l i b r a t i o n s  proved t o  be o f  

s i g n i f i c a n t  he lp ,  i n  e s t a b l i s h i n g  the  subs t ra te  i n i t i a l  c o n d i t i o n s  f o r  each 

t e s t .  

According t o  t h e  above mentioned g u i d e l i n e s ,  a t y p i c a l  experiment wou 

run  f o r  l e s s  than  one minute w i t h  t h e  t i m e  s p l i t  between t h e  f o l l o w i n g  s teps 

d 

(1) Wind-tunnel s t a r t i n g  and achiev ing s teady -s ta te  o p e r a t i o n  (approx. 15  

secs ) 

( 2 )  Turning-on t h e  power supply,  and reco rd ing  o f  t h e  data. T u r n i n g - o f f  t h e  

power supply  (approx. 20 secs.) 

( 3 )  Keeping t h e  wind-tunnel  running t o  cool  t h e  p l a t e  (approx. 15 secs.) and 

s top i t s  ope ra t i on .  

The work ing p o i n t  o f  t h e  va r  

was determined i n  p rev ious  runs. 

t o  be: 

(1) Wind t u n n e l  a i r  speed: 21 m/sec 

ous systems p a r t  

The nominal t e s t  

c i p a t i n g  i n  t h i s  exper iment 

c o n d i t i o n s  were e s t a b l i s h e d  

( 2 )  E l e c t r i c  c u r r e n t  through t h e  h e a t i n g  w i re :  345 mA. T o t a l  r e s i s t a n c e  of 

t h e  h e a t i n g  w i r e :  135 Q 

A t o t a l  o f  20 t e s t s  were performed. Of these, e leven t e s t s  .were 

recorded. Since t h e  r e s u l t s  o f  a l l  t h e  runs were ve ry  much a l i k e ,  o n l y  t h e  

l a s t  t h r e e  were picked-up f o r  data ana lys i s .  The r e p r o d u c i b i l i t y  o f  t h e  
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r e s u l t s  ensured t h a t  no f u r t h e r  b e n e f i t  would have come ou t  o f  a n a l y z i n g  more 

p r o f i l e s ,  except perhaps t o  e s t a b l i s h  a s t a t i s t i c a l  v a r i a t i o n  measure f o r  t h e  

data set .  

5.3 Results and Discussion 

The chordwise temperature p r o f i l e s  as obta ined from t h e  l a s t  t h r e e  runs 

a re  shown i n  F i g .  5.3. The data i n  Fig. 5.3 was e x t r a c t e d  f r o m  computer 

s to red  thermographies, an example o f  which i s  shown i n  Fig.  5.4. Note t h e  

l o n g i t u d i n a l  (chordwise)  temperature d i s t r i b u t i o n  under the  thermography and 

t h e  l a t i t u d i n a l  (spanwise) temperature d i s t r i b u t i o n  a t  t h r e e  d i f f e r e n t  

s t a t i o n s  a long t h e  chord,  t o  t h e  r i g h t  o f  t h e  thermography. The wind- tunnel  

a i r  temperature f o r  runs 1 and 2 was 28.6OC and f o r  r u n  3, was 29.OoC. The 

a c t u a l  wind tunne l  a i r  v e l o c i t y  was 20.9 m/sec d u r i n g  a l l  t h r e e  runs. The 

camera's f i e l d  o f  v iew i n  t h i s  c o n f i g u r a t i o n  was 16.5x16.5 cm, and t h e  

Reynolds number o f  t h a t  area o f  t h e  p l a t e  scanned by t h e  camera v a r i e d  between 

zero ( a t  t h e  l e a d i n g  edge) t o  about 217000. This  means t h a t  t h e  phenomena 

addressed should be a l l  under t h e  laminar  boundary l a y e r  regime, Recrit = 

500,000. 

The da ta  as presented i n  Fig. 5.3 d i s p l a y s  t h e  temperature p r o f i l e  along 

t h e  p l a t e  reduced by t h e  a i r f l o w  temperature,  versus t h e  chordwise 

coord inate.  A f i r s t  e v a l u a t i o n  o f  these p r o f i l e s  revea ls  t h e  f o l l o w i n g :  

(1) The i n f o r m a t i o n  gathered from a l l  t h r e e  runs was q u i t e  rep roduc ib le ,  and 

t h e  da ta  p o i n t s  ob ta ined  f rom t h e  d i f f e r e n t  exper iments almost co inc ide .  

( 2 )  The genera l  q u a l i t a t i v e  behavior  o f  t h e  su r face  temperature d i s t r i b u t i o n  

meets t h e  expec ta t i ons  based on t h e  laminar  boundary l a y e r  theo ry ,  i.e., 



73 

.- 
N 

0 
d 
F 

0 
QD 

0 
rD 

0 
d 

O M  
O W  

o u a  

0 

0 

0 O Q  cpia 
I I I I I 1 

r- 
v 

0 Q, 
P 

*, 

I w 
0 -  0 

c F 



74 

Fig. 5 . 1  Constant power heated flat plate experiment 

DISCO I I@ output with longitudinal and 

latitudinal temperature distributions. Air 
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, 

a temperature r i s e  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  d i s t a n c e  f rom 

t h e  l e a d i n g  edge. 

( 3 )  The l e a d i n g  edge exper iences an abrupt  i nc rease  i n  i t s  t emp?ra tu re ,  due 

t o  i t s  sharpness. This geometr ica l  f e a t u r e  causes a f i n i t e  amount o f  

heat  t o  be absorbed by a t h e o r e t i c a l l y  i n f i n i t e s i m a l  s u b s t r a t e  mass, w i t h  

t h e  consequent r e a l  i nc rease  i n  temperature.  The e f f e c t  i s  f u r t h e r  

augumented by t h e  f d c t  t h a t  t he  h e a t i n g  w i r e s  be ing  wrapped around t h e  

p l a t e ,  t h e  l e a d i n g  edge i s  w e l l  heated f rom a l l  around i t s  contour .  

( 4 )  The tempera tu re  d i s t r i b u t i o n  e x h i b i t s  some i r r e g u l a r i t y  around the 

c o o r d i n a t e  x=8 cm. Th is  i s  t h e  r e g i o n  where t h e  thermocouple j u n c t i o n  

was p laced ,  a f a c t  t h a t  caused a s l i g h t  "bumpiness" (about  0.1 mm h i g h  

and 8 mrn l o n g  streamwise),  on t h e  o v e r l a y i n g  d u c t  t ape  surface. T h i s  

g e o m e t r i c a l  f e a t u r e  i n i t i a t e d  a d i r e c t i o n a l  e m i t t a n c e  f a c t o r ,  which i s  

u s u a l l y  l ower  than  i t s  normal c o u n t e r p a r t ,  e s p e c i a l l y  i n  t h e  range of  

l o c a l  i n c l i n a t i o n  between 60" t o  90" (Sparrow and Cess, 1978, p .  55). 

T h i s  e f f e c t ,  n o t  be ing  taken i n t o  account by t h e  system's so f tware ,  i s  

u l t i m a t e l y  (and f a l s e l y )  i n t e r p r e t e d  as a l o c a l  drop i n  temperature.  

AS a r e s u l t  o f  these c o n s i d e r a t i o n s ,  i t  was decided t o  proceed w i t h  the 

a n a l y s i s  o f  t h e  exper iments,  u s i n g  o n l y  t h e  d a t a  p o i n t s  s t a r t i n g  a t  t h e  

c o o r d i n a t e  x = 1.9 cm from t h e  l e a d i n g  edge ( t h e  f i r s t  1.52 cm f rom t h e  

l e a d i n g  edge were i gno red ) .  The numer ica l  va lues  o f  t hese  c o o r d i n a t e s  

r e s u l t e d  from t h e  f a c t  t h a t  t h e  da ta  was e x t r a c t e d  a t  each t h i r d  consecu t i ve  

p i x e l ,  which on t h e  p l a t e  i s  e q u i v a l e n t  t o  3.8 mm. 

* 

In search f o r  a model a g a i n s t  which t h e  exper imen ta l  r e s u l t s  can be 

eva lua ted ,  t h e  phys i c61  r e a l i t y  suggests u s i n g  t h e  f l a t  p l a t e  l a m i n a r  boundary 

l a y e r  model w i t h  cons tan t  heat f l u x .  a t  i t s  s u r f a c e  as t h e  p r e s c r i b e d  boundary 
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i t s  

t i o n .  The model, assuming a geners l  heat f l u x  d i s t r i b u t i o n  chordwise arid 

m a l y t i c a l  s o l u t i o n ,  was fo rmu la ted  by K l e i n  arid Tr ibus  ( 1 9 5 2 ) .  When 

s i m p l i f i e d  t o  t h e  cons tan t  heat f l u x  assumption, t h e  s o l u t i o n  r e a d s  

1 /2 = cons t  x ( 5 . 1 )  

where O ( x )  i s  t h e  d i f f e r e n c e  between t h e  l o c a l  w a l l  temperdture a n d  the 

f reest ream a i r  s t a t i c  temperature,  4;' i s  t h e  w a l l  heat  f l u x ,  k, i s  t n e  a i r  

c o n d u c t i v i t y ,  P r  i s  t h e  a i r  P r a n d t l  number, v i s  t h e  a i r  k lne inat ic  v i s c o s i t y ,  

U i s  t h e  f rees t ream a i r  v e l o c i t y  and x i s  t h e  d i s t a n c e  f ro in  t h e  l e a d i n g  edge. 

Accord ing t o  t h i s  model, when t h e  f l a t  p l d t e  temperature distribution 

c u r r e c t e d  by t h e  ambient a i r  temperature i s  p l o t t e d  a g o i n s t  t h e  square-root  o f  

t h e  d i s t a n c e  f ro i i i  t h e  l e a d i n g  edge, t h e  s lope  o f  t h e  l i n e  i s  an i n d i c a t i o n  o f  

t h e  heat f l u x  convected i n t o  t h e  a i r s t ream.  When t h i s  p l o t t i n g  i s  done fo r  

t h e  p resen t  case, as shown i n  F ig .  5.5, i t s  a n d l y s i s  shows t h a t  d l t h o u y h  t h e  

da ta  i s  w e l l  c o r r e l a t e d  ( r2  i s  0.945 w i t h  a va r iance  o f  0.38) t h e  assumed 

l i n e a r  behav io r  o f  t h e  d a t a  i s  n o t  u n i f o r m  a l l  a long  t h e  COOrdlndte scale.  A 

c l o s e r  look suggests one l i n e a r  r e g r e s s i o n  f o r  t h e  f i r s t  14 s t a t i o n s  and 

another  f o r  t h e  l a s t  18 s t a t i o n s ,  l e a v i n g  6 s t a t i o n s  i n  between ds a 

t r a n s i t i o n  zone. F o l l o w i n g  t h i s  approach, t h e  v a r i a n c e  o f  t h e  d a t a  goes down, 

f o r  t h e  f i r s t  group t o  0.1 and f o r  t h e  secorid group t o  0.05, which i s  

s i g n i f i c a n t l y  b e t t e r .  The ques t i on  i s  what causes t h i s  change i n  t h e  p a t t e r n  

behavior .  An answer l i e s  i n  t h e  a c t u a l  p h y s i c a l  process t a k i n g  p l a c e  w i t h  

t h i s  exper imenta l  set-up and i t s  d e p a r t u r e  f rom t h e  assumed model (see Eq. 

5.1). As shown i n  F ig .  5.6, t h e  t h e o r y  assumes a f l a t  p l a t e  "pumping" d 

constant  amount o f  heat f l u x  i n t o  t h e  a i r s t ream.  Fo r  a d e s i r e d  cons tan t  va lue  

o f  t h i s  heat  f l u x ,  a c e r t a i n  p r e s c r i b e d  temperature d i s t r i b u t i o n  should be 
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7 9  

main ta ined ( o r  ob ta ined )  i n  o rde r  t o  compensate f o r  t he  f a c t  t h a t  t h e  boundary 

'layer t h i c k e n s  and heats  up stredmwise. I n  t h i s  case, t h e  co i l s tan t  heat  

g e n e r a t i o n  r a t e  i s  shared m a i n l y  by t w o  p a r t i c i p a t i n g  media, t h e  wooden 

s u b s t r a t e  by c o n d u c t i o n  and the  a i r f l o w  by convec t ion .  Yedt t r a n s f e r  by 

r a d i a t i o n  i s  a l s o  t a k i n g  p a r t ,  b u t  i s  i n s i g n i f i c a n t .  Since the  a i r  c o o l i n g  by 

c o n v e c t i o n  i s  more e f f e c t i v e  on the  fo rward  p a r t  o f  the p l a t e ,  (due t o  t he  

t h i n  boundary l a y e r ) ,  t h e  heat t r a n s f e r  by conduct ion  t o  the  s u b s t r a t e  i s  l e s s  

than on t h e  a f t  p a r t  o f  t h e  p l a t e ,  where the  boundary l a y e r  i s  t h i c k  and t h e  

c o n v e c t i v e  heat  t r a n s f e r  i s  much poorer .  The e s t i m a t i o n  o f  t h e  boundary layer  

behav io r  w i l l  show t h a t  between the  f i r s t  and t h e  l a s t  s t a t i o n  o f  t h e  f i r s t  

da ta  group, i t  t h i c k e n s  by 90% ( f r o m  0.60 rnm. t o  1.15 mm) w h i l e  w i t h  respec t  

t o  t h e  second da ta  group, i t  c o n t i n u e s  t o  t h i c k e n  b u t  o n l y  by 30% ( f rom 1.35 

mm. t o  1.75 mm.) (see Appendix 6, Eq. B7). 

Looking mcre a t t e n t i v e l y  a t  F i g .  5.5, one may f u r t h e r  observe t h a t  t h e  

genera l  t r e n d  o f  t h e  s lope  o f  o vs. x1I2 i s  t o  decrease g r a d u a l l y  f rom t h e  

l ead ing  edge downstream, a t  t h e  same t i m e  t h a t  t he  overheat  o f  t he  s u b s t r a t e  

i s  go ing  up. Th is  f e a t u r e  i s  an a d d i t i o n a l  evidence t o  t h e  ever  i n c r e a s i n g  

p a r t i c i p a t i o n  o f  t h e  s u b s t r a t e  due t o  t h e  gradual  decreas ing  e f f e c t i v e n e s s  o f  

t h e  c o n v e c t i v e  c o o l i n g ,  and i t  happens i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  wood 

q u a l i f i e s  as a heat  i n s u l a t o r .  

The thermal  energy a n a l y s i s  performed on t h e  f l a t  p l a t e  i s  summarized i n  

Tab le  5.1, The c o n v e c t i v e  heat  t r a n s f e r  was c a l c u l a t e d  from t h e  tempera ture  

r e g r e s s i o n s  g i ven  i n  F ig .  5.5. It i s  a s u p e r p o s i t i o n  o f  t h e  heat  f l u x  as 

generated by a cons tan t  tempera ture  d i s t r i b u t i o n  (Kays and Crawford,  1980, p. 

139) 

1 / 3  1 /2  Nux = 0.332 P r  Rex 
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(where Nux i s  t,he l o c a l  htissl-,It. nuin!ier, P r  i s  t h e  a i r  P r a n d t l  nurrlber and Re, 

i s  t h e  l o c a l  Reynolds number), and a cons tan t  hedt f l u x  as  deduced from Eq. 

5.1. Thus, t h e  regress ions  of F i g .  5.5 present. two aspects  o f  t he  c o n v e c t i v e  

heat  t r a n s f e r .  The f i r s t  i s  con t3 ined  i n  the p o i n t  o f  i n t e r c e p t  o f  t h e  

reg ress ion  l i n e  w i t h  t h e  0 - a x i s  and i s  i n d i c a t i v e  o f  t h e  l e v e l  o f  overheat  o f  

t h e  s u b s t r a t e  that, can be accounted fo r  th rouyh Eq. 5.2. The second i s  

conta ined i n  t h e  s lope o f  t h e  reg ress ion  l i n e ,  and i s  i n d i c a t i v e  o f  t he  

v a r i a t i o n  i n  t h e  chordwise temperature d i s t r i b u t i o n ,  t h a t  i n  t h i s  case can be 

accounted th rough t h e  cons tan t  heat f l u x  model as g i ven  by Eq. 5.1. 

The q u a n t i t a t i v e  e v a l u a t i o n  o f  t he  exper iment shows t h a t  the  mean 

e l e c t r i c a l l y  generated power was 949 W/m2. L o c a l l y ,  a long t h e  cen te r1  i n e  

w i r e ,  where t h e  temperature measurements were made, the  va lue  o f  t h e  

e l e c t r i c a l l y  generated power was '4184 W/m2 (see Fig.  5.4).  As t h e  balance o f  

energy a n a l y s i s  shoivs (see Table 5.1), t h e  h ighes t  va lue  o f  t h e  mean heat  f l u x  

convected i n t o  the a i r  a long t h a t  w i r e  was 930 W/m2.  Th is  va lue  i s  of t h e  same 

magnitude t o  t h e  s o l a r  heat  f l u x  a t  t h e  e a r t h  sur face.  Therefore,  t h i s  

h e a t i n g  i s  thought  t o  a f f e c t  t h e  boundary layer on t h e  f l a t  p l a t e  about t h e  

same as  i t  occurs  i n  r e a l i t y  over  the  wing o f  an a i r p l a n e .  

5.4 The Infrared Imaging System as a CFD Codes Validation Tool 

The i n t e r a c t i o n  between a s o l i d  body and a sur round ing  f l o w f i e l d  o f  

d i f f e r e n t  temperature has bo th  a momentum and an energy exchange aspect.  The 

former i s  r e s p o n s i b l e  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  around t h e  body w h i l e  t h e  

l a t t e r  i s  r e s p o n s i b l e  f o r  t h e  hcat, f l u x  d i s t r i b u t i o n  over  i t s  sur face .  Th is  

heat  f l u x  w i l l  c o n t i n u o u s l y  change t $ e  temperature d i s t r i b u t i o n  of  t h e  body 

s u b s t r a t e  and p a r t i c u l a r l y  of  i t s  sur face.  Thus, i n  genera l ,  even .under 

s teady f low w i t h  cons tan t  f ree-s t ream temperature c o n d i t i o n s ,  t h e  su r face  
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t einp e r a t u  r e  d i s t r i b u t  

p e r i o d s  o f  t ime.  

on o f  a body i-lay remain t ime dependent f o r  s i g n i f i c d n t  

Since t h e  p r e d i c t i o n  of  aerodynamic and aerothermal l o d d s  by 

computat ional  means i s  and w i l l  be one o f  t h e  main research t o p i c s  i n  

aerodynamics, t h e r e  i s  a c l e a r  need f o r  an exper imentd l  method t o  p r o v i d e  d d t d  

f o r  comparison and v a l i d a t i o n  of  t h e  CFD codes. Viewed from t h i s  perspect iv t : ,  

t h e  i n f r a r e d  imdging systems a re  i d e a l  t o o l s  f o r  such tasks  s i n c e  they  do n o t  

r e q u i r e  i ns t rumen ted  models, no r  any s p e c i a l i z e d  i n s t r u m e n t a t i o n  c o n d u i t s  i n  

t h e  wind t u n n e l  o r  on t h e  t e s t e d  a i r c r a f t .  

From a genera l  s tand p o i n t  o f  view, t h e  complete c a l c u l a t i o n  o f  t h e  

i n t e r a c t i o n  between an a r b i t r a r y  body and t h e  f l u i d  f l o w  r e q u i r e s  the  
I 
I 

f o l l o w i n g  steps: f i r s t ,  t h e  Euler equa t ion  

D$ + 

D t  
p - = F - grad p (5 .3)  

i s  so lved f o r  t h e  e x t e r n a l  f l o w ,  y i e l d i n g  t h e  f l o w  v e l o c i t y  d i s t r i b u t  

around t h e  body. Here, t h i s  e q u a t i o n  i s  g i v e n  i n  t h e  i ncompress ib le  f 

f o r m u l a t i o n  where, ”u i s  t h e  a i r  v e l o c i t y  v e c t o r ,  p i s  t h e  a i r  d e n s i t y ,  D / D t  

t h e  t o t a l  d e r i v a t i v e  o p e r a t o r ,  i s  t h e  body f o r c e  and, p i s  t h e  pressure.  

on 

ow 

i s  

Next, t h e  Navier -Stokes e q u a t i o n  can be solved, perhaps i n  boundary l a y e r  

approx imat ion.  T h i s  e q u a t i o n  d i f f e r s  f rom t h e  E u l e r  e q u a t i o n  by t h e  i n c l u s i o n  

o f  t h e  v i scous  terms pa V U. Again, i n  t h e  i ncompress ib le  f l o w  f o r m u l a t i o n  

i t  can be expressed as 

2 +  

D”V + 2 +  
p D t =  F - grad p -t pa v U ( 5 . 4 )  

2 where V stands f o r  t h e  L a p l a c i a n  o p e r a t o r  and pa i s  t h e  a i r  v i s c o s i t y .  Row 

w i t h  t h e  v e l o c i t y  d i s t r i b u t i o n  known around t h e  body, one may so l ve  t h e  energy 
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equa t ion  f o r  t h e  temperature d i s t r i b u t i o n  i n  the f l o w  f i e l d .  Once aga in  

i n v o k i n g  t h e  i n c o m p r e s s i b l i t y  argument and assuming cons tan t  p r o p e r t i e s  f l o w ,  

the energy e q u a t i o n  as d e r i v e d  froin i t s  i n t e r n a l  eriergy f o r m u l a t i o n  car1 be 

expressed i n  terms o f  t h e  a i r  ternperdture f i e l d  as 

D T = k a V  2 T + p @  
cv Dt (5 .5)  

where cv  i s  t h e  a i r  s p e c i f i c  heat a t  cons tan t  vo lune,  ka i s  t h e  a i r  thermal  

c o n d u c t i v i t y ,  T i s  t h e  a i r  temperature and, ~i i s  t h e  viscous  d i s s i p a t i o n  

f u n c t i o n  ( S c h l i c h t i n g ,  1968, p. 2 5 4 ) .  

A l l  t h e  above mentioned equat ions w i t h  t h e  a d d i t i o n  o f  t h e  c o n t i n u i t y  

equa t ion ,  can i n  p r i n c i p l e  be so lved f o r  t h e  f i v e  parameters t h a t  u n i q u e l y  

determine t h e  f l o w f i e l d  behav io r  namely 3, p and T. For t h e  p r e s e n t  purposes, 

t h e  energy e q u a t i o n  s o l u t i o n  i s  o f  t h e  main i n t e r e s t ,  s i n c e  i t  i s  t h e  

temperature g r a d i e n t  o f  t h e  a i r  i n  t h e  boundary l a y e r  a t  t h e  w a l l  t h a t  

determines t h e  heat  f l u x  i n t o  t h e  body th rough  t h e  F o u r i e r  heat  conduc t ion  law 

A 

4;’ = - ka grad T (5.6) 

? 
where q:’ i s  t h e  heat f l u x .  I n  o rder  t o  o b t a i n  t h e  temperature d i s t r i b u t i o n  

on t h e  body sur face,  i t  must be remembered t h a t  i t s  s u r f a c e  i s  t h e  solid 

boundary w i t h  r e s p e c t  t o  t h e  f l u i d .  Therefore,  t h e  heat  conduc t ion  e q u a t i o n  

where a i s  t h e  thermal  d i f f u s i v i t y  o f  t h e  s u b s t r a t e ,  must be s o l v e d  f o r  t h e  

s o l i d  body i n  o r d e r  t o  determine t h e  s u r f a c e  tempera tu re  d i s t r i b u t i o n .  

Boundary c o n d i t i o n s  do p l a y  a s p e c i a l  r o l e .  For example, bes ides t h e  

c o n v e c t i v e  hea t  t r a n s f e r ,  heat  sources, s i n k s  and thermal  r a d i a t i o n  e f f e c t s  

may occu r  a t  t h e  so l id  boundary. 
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The convec t i on  e f f e c t  i s  more convenient  y expressed through t h e  t kw ton  

r a t h e r  than through t h e  F o u r i e r  conduc t ion  law. Sometimes, t h e  combinat ion o f  

t h e  two laws i s  used t o  determine t h e  c o n v e c t i v e  heat  t r a n s f e r  c o e f f i c i e n t  h,  

as a f u n c t i o n  o f  t h e  d i f f e r e n c e  between t h e  s o l i d  w a l l  temperature T,,, and thr: 

a i r  f r ees t ream temperature Tm. 

The r a d i a t i o n  hedt t r a n s f e r  obeys t h e  we1 1 known Stefan-Bol tzniann 

e q u a t i o n  

where u i s  t h e  Stefan-Boltzmann c o n s t a n t  and E i s  t h e  r a d i a t i o n  s u r f a c e  

emi t tance  f a c t o r .  

Schemat i ca l l y ,  t h i s  procedure i s  summarized i n  F ig .  5.7, which shows why, 

i n  genera l ,  t h i s  process i s  unsteady even f o r  steady s t a t e  f l o w  c o n d i t i o n s .  

The e v o l v i n g  n a t u r e  of  t h e  temperature f i e l d  o f  t h e  s u b s t r a t e  c o n t i n u o u s l y  

changes t h e  temperature g r a d i e n t  i n  t h e  boundary l a y e r  and t h e  r e s u l t i n g  heat  

f l u x .  

Once t h e  body s u r f a c e  temperature d i s t r i b u t i o n  i s  p r e d i c t e d ,  i t  i s  

p o s s i b l e  i n  p r i n c i p l e  t o  c o n s t r u c t  a s y n t h e t i c  temperature d i s t r i b u t i o n  o f  t h e  

body su r face ,  as  i t  i s  assumed t h a t  i t  w i l l  be produced by t h e  i n f r a r e d  imag- 

i n g  system i n  a t e s t  r u n  a t  i d e n t i c a l  c o n d i t i o n s  w i t h  those o f  t h e  c a l c u l a -  

t i o n .  S t i l l  t o  be remembered a t  t h i s  s tage i s  t h e  f a c t  t h a t  t h e  c o n f i g u r a t i o n  

geometry, t h e  model m a t e r i a l  and i t s  f i n i s h ,  and t h e  I R  imaging camera spec i -  

f i c a t i o n s ,  a l  1 these f a c t o r s  i n f l u e n c e  t h e  f i n a l  thermographic exper imen ta l  

r e s u l t ,  and they  should be taken  i n t o  account when computing and s y n t h e s i z i n g  

t h e  p r e d i c t e d  temperature d i s t r i b u t i o n  (Gar tenberg and Roberts,  1988). 
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Hence, through a complete se t  o f  aerodynamic and heat t r a n s f e r  

c a l c u l a t i o n s ,  i t  i s  p o s s i b l e  t o  come up w i t h  computed r e s u l t s  t h a t  a re  

r e l a t i v e l y  easy t o  compare w i t h  exper imenta l  da ta  ob ta ined  as thermographies.  

The whole concept i s  presented i n  Fig.  5.8. 

5.5 Sumnary 

The i n f r a r e d  imaging system i s  an e f f e c t i v e ,  n o n - i n t r u s i v e  d e v i c e  f o r  

measurement o f  s u r f a c e  temperatures w i t h  p o s i t i o n  and t ime  dependent 

temperature d i s t r i b u t i o n s .  I t s  c a p a b i l i t y  o f  mapping r a p i d l y  e n t i r e  su r faces  

i s  unmatched by any o t h e r  means e x i s t i n g  today. Furthermore, f o r  aerodynamic 

c o n f i g u r a t i o n s ,  t h e  s u r f a c e  temperatures p r o v i d e  i m p o r t a n t  i n f o r m a t i o n  about 

body i n t e r a c t i o n  w i t h  t h e  e x t e r n a l  a i r f l o w .  T h i s  was b a s i c a l l y  shown f o r  t h e  

case of  a f l a t  p l a t e  i n  t h e  l a m i n a r  boundary l a y e r  regime a t  cons tan t  w a l l  

heat  g e n e r a t i o n  r a t e .  

The concept o f  us ing  i n f r a r e d  imaging systems i n  aerodynamic research  a s  

a d i r e c t  CFD codes v a l i d a t i o n  t o o l  was i n t roduced .  I n  genera l ,  i t  can be 

s t a t e d  t h a t  t h e  s u r f a c e  temperatures o f  a body i n  a f l o w f i e l d  i s  t i m e  

dependent even f o r  steady s t a t e  f l ows .  
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Chapter 6 

BOUNDARY LAYER REGIMES ON A NACA 0012 AIRFOIL 

The next  s tep a f t e r  t h e  f l a t  p l a t e  l am ina r  boundary l a y e r  exper iment W ~ S  

t o  expand t h e  i n v e s t i g a t i o n  t o  a two-dimensional  NACA 0012 a i r f o i l  a t  v a r i o u s  

angles o f  a t t a c k  f rom zero up t o  a p o s t  s e p a r a t i o n  angle. Such an exper iment  

o f f e r e d  t h e  o p p o r t u n i t y  t o  v a l i d a t e  t h e  a p p l i c a b i l i t y  o f  i n f r a r e d  i i r iar j ing 

systems t o  aerodynamic research  on a r e a l  aerodynamic geometry, dnd t o  p r o v i d e  

some new i n f o r m a t i o n ,  f o r  boundary l a y e r  f l o w s  ex tend ing  a l l  t h e  way f r o m  

f u l l y  a t tached  lam ina r  regime th rough  t r a n s i t i o n  t o  t u r b u l e n c e ,  and up t o  

separat ion.  Furthermore, t h e  e x t e n s i o n  o f  t h i s  method t o  th ree -d imens iona l  

geometr ies and h i g h e r  Reynolds numbers f l o w s  can be e a s i l y  implemented 

f o l l o w i n g  t h e  success o f  t hese  exper iments.  

6.1 The Experiment Viewed i n  Perspective 

The d e t e c t i o n  o f  boundary l a y e r  t r a n s i t i o n  f rom lam ina r  t o  t u r b u l e n t  

regime or i t s  s e p a r a t i o n  f rom t h e  s u r f a c e  o f  i n t e r e s t ,  i s  one o f  t h e  most 

c h a l l e n g i n g  s u b j e c t s  i n  aerodynamics. Almost any a v a i l a b l e  exper imen ta l  

t echn ique  i s  used f o r  t h i s  k i n d  o f  s t u d i e s :  smoke v i s u a l i z a t i o n ,  l a s e r  

Doppler ve loc ime te rs ,  t u f t s ,  chemical  s u b l i m a t i o n  (acenaphtene),  o i l  f l o w ,  h o t  

f i l m s  and h o t  w i r e s ,  phase change p a i n t s ,  l i q u i d  c r y s t a l  p a i n t s ,  p ressu re  

measurements, o p t i c a l  techniques e t c .  W i th  a l l  t hese  methods, t h e  s u b j e c t  i s  

f a r  f rom be ing  c losed  and t h e  search f o r  more reward ing techniques i s  s t i l l  

go ing  on. As was a l r e a d y  p o i n t e d  o u t  i n  t h e  l i t e r a t u r e  survey,  i n f r a r e d  

imaging systems have a l r e a d y  been s u c c e s s f u l l y  used i n  t h e  recen t  pas t  t o  

d e t e c t  t r a n s i t i o n  b o t h  i n  f l i g h t  and i n  w ind - tunne l  t e s t i n g .  However, 

d e t e c t i o n  o f  s e p a r a t i o n  w i t h  I R  imaging systems i s  s t i l l  an open s u b j e c t  

because t h e  hea t  t r a n s f e r  behav io r  i t s e l f  i n  separated f l o w s  s t i l l  r e s i s t s  
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accura te  p r e d i c t i o n .  A l s o ,  no v a l i d a t i o n  o f  t h e  IH imaging system f i n d i n g s  

was done i n  t h e  ve ry  same exper iments by any independent means. There fo re ,  

t r y i n g  t o  d e t e c t  bo th  t h e  t r a n s i t i o n  and t h e  s e p a r a t i o n  i n  t h e  same exper iment  

can enhance t h e  use fu lness  o f  i n f r a r e d  imaging systems f o r  aerodynamic 

research. 

6.2 The Experimental Set-Up 

As shown i n  F ig .  6.1, t h e  exper imenta l  systeiii c o n s i s t e d  o f  a NACA 0012 

a i r f o i l  mounted v e r t i c a l l y  a t  one end o f  a r o t a t i n g  arm, a t  t h e  o t h e r  end o f  

which was mounted t h e  i n f r a r e d  imaging camera. The set-up was i n s t a l l e d  i n  a 

0.9x1.2 m ( 3 I x 4 ' )  low speed, c losed  c i r c u i t  wind tunne l .  As t h e  arm r o t a t e d  

around i t s  c e n t e r ,  t h e  a i r f o i l  changed i t s  ang le  o f  a t t a c k ,  b u t  t h e  camera 

remained i n  a f i x e d ,  p e r p e n d i c u l a r  p o s i t i o n  r e l a t i v e  t o  t h e  a i r f o i l  chord. 

The ang le  o f  a t t a c k  a, c o u l d  be f i x e d  w i t h i n  f0.5 degree o f  t h e  d e s i r e d  

value. The a i r f o i l  had a chord o f  0.3048 rn (one f o o t ) ,  an aspect  r a t i o  o f  1.5 

and i t  was clamped between two end p l a t e s  measur ing 35.5 x 7.62 cm (14"x3" )  i n  

o r d e r  t o  reduce t h e  three-d imensional  f l o w  e f f e c t s  o f  t h e  t i p s .  A t  ze ro  ang le  

o f  a t t a c k  t h e  a i r f o i l  was a t  a d i s t a n c e  o f  about 10 cm f rom t h e  w ind - tunne l  

s i d e  w a l l ,  and t h e  camera was s i m i l a r l y  spaced near t h e  o p p o s i t e  w a l l .  Whi le  

t h i s  arrangement d i d  a f f e c t  t h e  a i r f l o w  around t h e  a i r f o i l  ( b y  b lockage and by 

w a l l  p r o x i m i t y ) ,  t h e  b a s i c  o b j e c t i v e  o f  t h e  exper iment ,  t o  d e t e c t  t h e  f o o t -  

p r i n t s  o f  t h e  boundary l a y e r  behav io r  w i t h  t h e  IR imaging camera, was n o t  

hampered. The o b s e r v a t i o n s  a r e  r e p o r t e d  as they  were made i.e., w i t h  no 

c o r r e c t i o n s  t o  account f o r  t h e  w a l l  p r o x i m i t y .  In o r d e r  t o  e l i m i n a t e  any 

p o s s i b l e  s p u r i o u s  r e f l e c t i o n s  f rom t h e  a i r f o i l  t o  t h e  camera, a 0.152 mm t h i c k  

b l a c k  m a t t e  paper was bonded t o  i t s  s u r f a c e  w i t h  doub le -s ided  S c o t c P  tape  

wrapped chordwise around t h e  a i r f o i l  w i t h  a 3 cm p i t c h .  F i g u r e  6.2 d i s p l a y s  

t h e  f o l l o w i n g  f e a t u r e s  o f  t h e  a i r f o i l :  
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(1) Decimal s u b d i v i s i o n  o f  t h e  upper s u r f a c e  a r c  l e n g t h  ( f u r t h e r  r e f e r r e d  t o  

as " s " )  was p rov ided ,  where the  lower  d n d  t h e  upper d i v i s i o n s  were marked 

r e s p e c t i v e l y  w i t h  h i g h l y  r e f l e c t i v e  s i l v e r  p a i n t  and u l t r a f i n e  g o l d  l e a f  

t o  be v i s i b l e  on t h e  IR imaging system d i s p l a y .  A p o s t e r i o r i ,  i t  can be 

concluded (see F ig.  6.4) t h a t  bo th  t h e  s i l v e r  p a i n t  and t h e  g o l d  l e d f  

markings performed e q u a l l y  we1 1 ,  and s i n c e  t h e  s i l v e r  p a i n t  i s  e a s i e r  t o  

app ly  i t  may be considered as t h e  p r e f e r a b l e  choice.  

( 2 )  Above t h e  a r c  s u b d i v i s i o n s ,  f o u r  rows o f  aluminum f o i l  t u f t s  0.0254mm 

t h i c k  and 2mm wide, observable b o t h  v i s u a l l y  and w i t h  t h e  i n f r a r e d  

imaging system, were threaded th rough  t h e  paper  i n  increments o f  one- 

t e n t h  o f  t h e  sur face a r c  l e n g t h  (0.1s). 

( 3 )  The s u r f a c e  was l o c a l l y  warmed by pass ing  an e l e c t r i c  c u r r e n t  t h rough  a 

0.127m (0.005") Constantan w i r e  t h a t  had been wrapped chordwise around 

t h e  a i r f o i l  underneath t h e  b l a c k  paper,  a t  t h e  f o l l o w i n g  l o c a t i o n s :  

( a )  d i r e c t l y  under t h e  a r c  markings arid under t h e  t u f t s  - t o  enhance 

t h e i r  o b s e r v a b i l i t y  w i t h  t h e  I R  imaging camera by p r o v i d i n g  a '' low 

temperature/ low erni t t ance l l  t a r g e t  a g a i n s t  a " h i g h  tempera tu re /h igh  

e m i t t a n c e  background. 

( b )  below t h e  a r c  markings - t o  a l l o w  t r a c k i n g  t h e  boundary l a y e r  

development th rough  chordwise temperature measurements on a smooth, 

uncontaminated a i r f o i l  sur face.  The i d e a  t o  use t h i s  l a y o u t  was 

suggested by t h e  encouraging r e s u l t s  o b t a i n e d  e a r l i e r  w i t h  t h i s  

method i n  obse rv ing  t h e  f o o t p r i n t s  o f  t h e  development o f  a l am ina r  

boundary l a y e r  ove r  a f l a t  p l a t e  (Gartenberg e t  a l . ,  1988). 
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The mean h e a t i n g  f l u x  was approx imate ly  500 W/m2, w i t h  no n o t i c e a b l e  

e f f e c t  on t h e  boundary l a y e r  based on t h e  l o c a l i z e d  and smooth behav io r  o f  t h e  

chordwise s u r f a c e  temperature under t h e  a rc  markings ( i t e m  ( a )  above). The 

span-wise coo rd ina tes  o f  these hea t ing  w i res  can be seen on F i g .  6.2, marked 

by p e n c i l  on t h e  b lack  paper j u s t  below the  a rc  markings. The uppermost and 

lowest  l i n e s  demark t h e  f i e l d  o f  v i e w  o f  t he  camera. 

6.3 The Experiment D e s c r i p t i o n  

The a i r f o i l  ang le  of  a t t a c k  was v a r i e d  between 0" and 1 6 O .  Photographs 

o f  t h e  a i r f o i l  s u r f a c e  were taken under steady s t a t e  c o n d i t i o n s  w i t h  a 35 mn 

s i n g l e  l e n s  r e f l e x  (SLR) camera, and o f  t he  IR imaging system d i s p l a y  u n i t  

( o s c i l l o s c o p e  face )  us ing  a P o l a r o i d  camera. I n  a separa te  s e r i e s  o f  

2xper iments,  t h e  a i r f o i l  ang le  o f  a t t a c k  was v a r i e d  between 0" and 16" i n  

increments o f  2" a t  2 seconds i n t e r v a l s ,  and t h e  thermographies were recorded 

on 5 1/4" d i s k e t t e s  by t h e  system's ded ica ted  microcomputer. 

The r a t i o n a l e  behind t h e  above s teps was t o  v a l i d a t e  by v i s u a l  

obse rva t i ons  t h e  t u f t s  p a t t e r n s  taken w i t h  t h e  I R  imaging system, and t o  

v a l i d a t e  t h e  tempera ture  a n a l y s i s  performed on t h e  microcomputer  a g a i n s t  

obse rva t i ons  o f  t h e  airfoil su r face  and the t u f t s  made w i t h  t h e  IR imaging 

system d i s p l a y  u n i t .  In t h i s  way, f u t u r e  i n v e s t i g a t i o n s  can r e l y  e n t i r e l y  on 

observa t i ons  per formed w i t h  t h e  I R  imaging system. Whi le  i t  i s  t r u e  t h a t  t h e  

t u f t s  themselves induce an e a r l y  t r a n s i t i o n ,  t h e i r  c o n t r i b u t i o n  t o  t h e  

d e t e c t i o n  o f  s e p a r a t i o n  i s  s e l f  ev ident .  Furthermore, t r a n s i t i o n  induced by  

t h e  t u f t s  can be c l e a r l y  seen on t h e  IR imaging d i s p l a y .  

The wind t u n n e l  exper iments \vere c a r r i e d  o u t  a t  a nominal Reynolds number 

(Rec) o f  375,000, based on t h e  a i r f o i l  chord. As t h e  wind tunne l  a i r  hea ts  up 

d u r i n g  o p e r a t i o n ,  two oppos i te  thermal  e f f e c t s  take  p l a c e  c o n c u r r e n t l y  on t h e  



‘34 

a i  r f o i  1 su r face :  c o n v e c t i v e  coo l  i n 3  o f  t h e  e l e c t r i c a l l y  hedted su r faces  anri 

convec t i ve  h e a t i n g  o f  t h e  c o o l e r  su r fdces  due t o  t h e  h e d t i n g  c f  :ne: f r e e  

stream w ind - tunne l  a i r  above ambient c o n d i t i o n s .  The l a t e r J l  co i l duc t i on  o f  

heat was n e g l i g i b l e ,  a s  i t  cou ld  be t r a c e d  back on t h e  therr i iogrdphies. 

The heat ing-up of  t h e  w ind - tunne l  d u r i n l j  i t s  o p e r a t i o n  had a n e g a t i v e  

e f f e c t  on t h e  q u a n t a t i v e  i n t e r p r e t a t i o n  o f  the computer ized ther inogrdphies.  

I n  p r i n c i p l e ,  t h e  a i m  o f  t h i s  exper iments i s  t o  l o o k  f o r  su r face  temperature 

d i f f e r e n c e s  caused by changes i n  boundary l a y e r  regime. Q u a l i t a t i v e l y ,  t h e  

change should be f rom lower  s u r f a c e  temperatures under t h e  l am ina r  regime t o  

h i g h e r  temperatures under t h e  t u r b u l e n t  (see nex t  s e c t i o n ) .  However , a t  the  

same t i m e  t h e r e  i s  an a d d i t i o n a l  heat inc;  e f f e c t  due t o  t h e  h e a t i n g  o f  t h e  

f rees t ream a i r  i n  t h e  wind t u n n e l .  Thus, e x t r a c t i n g  t e m p e r a t u r e  d i f f e r e n c e s  

from thermographies taken  a t  d i f f e r e n t  angles of  a t t a c k ,  l oses  i t s  mean ing fu l -  

ness due t o  t h e  l a c k  o f  a common f rees t ream temperature.  I n  o t h e r  words, as  

t h e  ang le  o f  a t t a c k  o f  t h e  a i r f o i l  i s  increased,  t h e r e  i s  an i n c r e a s e  i n  

s u r f a c e  temperatures due t o  changes i n  t h e  boundary l a y e r  regime, and a t  t h e  

same t i m e  an a d d i t i o n a l  change due t o  t h e  a i r  heat-up. There fo re ,  a 

p o s t e r i o r i  , i t  can be remarked t h a t  t h e  computer ized thermographies c o u l d  n o t  

be m e a n i n g f u l l y  i n t e r p r e t e d  and t h e i r  use wds d iscarded.  A t  t h e  same t ime ,  i t  

~ i s  emphasized t h a t  t h e  concept o f  a n a l y z i n g  t r a n s i t i o n  and s e p a r a t i o n  da ta  , 

th rough  s u b s t r a c t i o n  o f  thermographies i s  sound and can work i f  t h e  

exper iments a r e  c a r r i e d  o u t  i n  a t h e r m a l l y  s t a b l e  wind- tunnel .  A lso,  t h i s  

argument has n o t h i n g  t o  do w i t h  rega rd  t o  t h e  d e t e r m i n a t i o n  o f  t h e  t r a n s i t i o n  

l i n e  f rom t h e  thermographies.  On t h e  c o n t r a r y ,  t h e  heat ing-up o f  t h e  a i r  o n l y  

enhances t h e  demarcat ion l i n e  o f  t h e  t r a n s i t i o n .  
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6.4 R e s u l t s  and D iscuss ion  

The r e s u l t s  report.ed h e r e i n  a r e  based on t h e  o b s e r v a t i o n s  inlade aver  20 

F i g u r e  6.3 shrJws a sequence o f  t h e  a i r f o i  1 photogrdphs d i f f e r e n t  exper iments.  

, taken  of  t h e  a i r f o i l  sur face w i t h  a 35 mm SLR camera, f o r  angles o f  a t t a c k  

v a r y i n g  between i e r o  t o  1 3  degrees. These p i c t u r e s  p a r t i a l l y  document the  

t u f t s  behav io r  a s  t hey  could be obs?rved v i s u a l l y .  The word " p a r t i a l l y "  i s  

used he re  because cont inuous v i s u a l  o b s e r v a t i o n  o f  t h e  t u f t s  o f f e r s  more 

i n f o r m a t i o n  t h a n  s t i l l  photographs, e s p e c i a l l y  w i t h  rega rd  t o  t h e  unsteady 

b e h a v i o r  o f  t h e  f l ow .  F i g u r e  6.4 snows a s i m i l a r  sequence o f  p i c t u r e s ,  t h i s  

t i m e  as observed on t h e  i n f r a r e d  imaging system d i s p l a y .  These thermographies 

were taken w i t h  t h e  d i s p l a y  u n i t  s e t  t o  t h e  i n v e r t e d  mode which produces 

d a r k e r  shades f o r  h i g h e r  temperatures.  Tb is  cho ice  was d i c t a t e d  by t h e  f a c t  

t h a t  t h e  t u f t s  s t a t u s  can be b e t t e r  seen i n  t h e  i n v e r t e d  mode than  i n  t h e  

normal mode. Thus, i n  Fig. 6.4, t h e  d a r k e r  shades r e p r e s e n t  h i g h e r  apparent  

temperatures than  t h e  l i g h t e r  shades. The p i c t u r e s  were taken  w i t h  a 

P o l a r o i d  camera and l a t e r  reproduced w i t h  a 35mm SLR camera. These p i c t u r e s  

p r o v e  t h a t  t h e  t u f t s  behav io r  i s  s imu l taneous ly  obse rvab le  v i s u a l l y  and w i t h  

t h e  IR imaging camera, and t h e r e f o r e  i t  i s  s u f f i c i e n t  f o r  f u t u r e  exper iments 

t o  r e l y  s o l e l y  upon one s e t  o f  pho tog raph ies  only, namely t hose  taken  from t h e  

IR imaging system d i s p l a y .  

B e f o r e  go ing  i n t o  t h e  a n a l y s i s  iif t h e  main r e s u l t s ,  t h e  f a c t s  on which 

t h e  t r a n s i t i o n  d e t e c t i o n  by thermography i s  based w i l l  be b r i e f l y  reviewed. 

Accord ing t o  t h e  Reynolds analogy 

and under t h e  assumption P r  = 1 
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U k a  
h = c f  --T-- 

a 

1 

38 

( 6 . 2 )  

where h i s  t h e  l o c a l  heat t r a n s f e r  c o e f f i c i e n t  c f  i s  t h e  l o c a l  s k i n  f r i c t i o n  

c o e f f i c i e n t ,  U i s  t h e  f reestrearn v e l o c i t y ,  i s  t h e  d i r  k inemat i c  v i s c o s i t y  

and k a  i s  i t s  c o n d u c t i v i t y .  According t o  Eq. ( 6 . 2 ) ,  %he l o c a l  heat t r a n s f e r  

c o e f f i c i e n t  i s  d i r e c t l y  p r o p o r t i o r i n l  t o  t h e  l o c a l  s k i n  f r i c t i o n  c o e f t i c i e n t .  

da 

Since d u r i n g  t r a n s i t i o n  f rom lam ina r  t o  t u r b u l e n t  regime, t h e  s k i n  f r i c t i o n  

c o e f f i c i e n t  jumps approx ima te l y  by at1 o r d e r  o f  magnitude, by Reynolds analogy 

t h e  heat t r a n s f e r  c o e f f i c i e n t  a l s o  jumps by an o r d e r  o f  magnitude. Thus, a 

c l e a r  "jump" i n  t h e  w a l l  temperature should be seen on t h e  thermography as 

t r a n s i t i o n  i s  induced. The temperature jump was shown t o  mark t h e  t r a n s i t i o n  

r e g i o n  by p r i o r  workers (Bouchardy e t  a l . ;  1983, Quast ,  1987), and can c l e a r l y  

be seen i n  F i g .  6.4, f o r  example a t  a = 4" d t  t h e  0.35s l o c a t i o n ,  on t h e  a r c  

markings. 

The main exper imen ta l  r e s u l t s  a r e  d iscussed a f t e r  g i v i n g  d b r i e f  

d e s c r i p t i o n  o f  what i s  b e l i e v e d  t o  happen on t h e  NACA 0012 a i r f o i l  a t  r e l e v a n t  

Reynolds numbers (375,000), as  t h e  a n g l e  o f  a t t a c k  i s  i nc redsed  f rom ze ro  up 

t o  separa t i on .  T h i s  account i s  based on t h e  v i s u a l  t u f t s  o b s e r v a t i o n  i n  these  

exper iments as w e l l  as on t h e  accounts of  Carr  e t  a l .  (1977,  p. 3 ) ,  McCullough 

and Gau l t  (1975),  and Thwaites (1987) pp. 200-205. A t  zero ang le  o f  a t t d c k ,  

t h e  f l o w  i s  u s u a l l y  l am ina r  ove r  most o f  t h e  a i r f o i l .  As t h e  f l o w  approaches 

t h e  t r a i l i n g  edge, t h e  l a m i n a r  boundary l a y e r  separates w i t h  subsequent 

t r a n s i t i o n  t o  t u r b u l e n t  f l ow .  The expansion o f  t h e  t u r b u l e n t  mo t ion  causes 

reattachment o f  t h e  boundary l a y e r  as a t u r b u l e n t  one which remains a t tached  

up t o  t h e  t r a i l i n g  edge. T h i s  l o c a l i z e d  r e g i o n  o f  laminar  separated f l o w  i s  

c a l l e d  t h e  l a m i n a r  s e p a r a t i o n  bubble. The a i r  mot ion i n s i d e  t h i s  bubble i s  

c i r c u l a t o r y  w i t h  t y p i c a l  v e l o c i t i e s  of  one o r d e r  o f  magnitude lower  than t h a t  
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of  t h e  f r e e  stream v e l o c i t y  (Rrendel  aiid i l u e l l e r ,  1988). The l e n g t h  o f  t h e  

bubble i s  a few pe rcen t  o f  ttie chord. As t h e  angle o f  a t t a c k  i s  increased,  

t h e  bubble and t h e  t r a n s i t i o n  r e g i o n  above i t  move upstream, t h u s  i n c r e a s i n g  I 

t h e  a i r f o i l  area sub jec ted  t o  t u r b u l e n t  f l ow .  A t  a c e r t a i n  p o i n t ,  t h e  

t u r b u l e n t  boundary l a y e r  f a i l s  t o  n e g o t i a t e  t h e  adverse p ressu re  g r a d i e n t s  and 

p a r t  o f  t h e  t u r b u l e n t  bounddry l a y e r  separates,  usua ly  near t h e  t r a i l i n g  

edge. Th is  phenamenon i s  known a s  t u r b u l e n t  separat ion.  As t h e  angle o f  

a t t a c k  i s  f u r t h e r  increased,  t t ie bubble moves upstream as does t h e  p o i n t  o f  

t u r b u l e n t  s e p a r a t i o n ,  t hus  causing t h e  g r a d i e n t  of  t h e  l i f t  c u r v e  versus t h e  

a n g l e  of  a t t a c k  t o  decrease. As t h e  bubble reaches t h e  l e a d i n g  edge, and t h e  

a n g l e  o f  a t t a c k  i s  s t i l l  increased,  t h e  s e p a r a t i o n  p o i n t  o f  t h e  t u r b u l e n t  

boundary la,yer c o n t i n u o u s l y  moves upstream, t h e  bubble rema in ing  r e l a t i v e l y  

sma l l  and a t t a c h e d  c l o s e  t o  t h e  l e a d i n g  edge. A t  a c e r t a i n  ang le  o f  a t t a c k  

( s t a l l  ang le ) ,  t h e  adverse p ressu re  g r a d i e n t  can reach va lues  where 

reat tachement  o f  t h e  t u r b u l e n t  boundary l a y e r  i s  no l o n g e r  p o s s i b l e .  Th i s  

causes t h e  bubb le  t o  b u r s t  over t h e  e n t i r e  s u r f a c e  o f  t h e  a i r f o i l  f rom t h e  

l e a d i n g  t o  t h e  t r a i l i n g  edge, causing what i s  known as " leading-edge bubble- 

b u r s t i n g  s t a l l  ." I 

The main f i n d i n g s  o f  t h e  exper iments ( v i s u a l  and I R  imaging o b s e r v a t i o n s )  

a r e  summarized below, f o l l o w e d  by a d i s c u s s i o n  o f  some i n t e r e s t i n g  p o i n t s  

w o r t h y  of e l a b o r a t i o n :  

a = 0 Laminar f low up t o  0.8s on t h e  c l e a n  su r face ,  

T u f t s  induced t r a n s i t i o n  a t  0.6s 

a = 2" T r a n s i t i o n  a t  0.7s on t h e  c l e a n  a i r f o i l  ( l o w e r  p a r t ) ,  

T u f t s  induced t r a n s i t i o n  a t  0.5s , 
High amp l i t ude  t u f t s  f l u t t e r i n g  a f t e r  0.7s 



due 

f u l  

mot 

t h e  

~~ 

I1 = 4" 

u = 6" 

(I = 8" 

a = 10" 

a = 12" 

a = 13" 

A f i r s t  

T r a n s i t i o n  a t  0.5s on t h e  c lean  a i r f o i l ,  

T u f t s  induced t r a n s i t i o n  a t  0.3s ,  

t i igher  ampl i tude t u f t s  f l u t t e r i n g  a f t e r  0.7s 

T r a n s i t i o n  a t  0.2s on t h e  c lean  a i r f o i l ,  

T u f t s  induced t r a n s i t i o n  a t  0.2s, 

Tu rbu len t  s e p a r a t i o n  seen on t i i f t s  a t  0.8s 

T r a n s i t i o n  a t  0.1s on a l l  t h e  a i r f o i l ,  

Tu rbu len t  s e p a r a t i o n  a t  0.7s 

F u l l y  developed t u r b u l e n t  f l o w  a l l  over t h e  a i r f o i l ,  

Tu rbu len t  s e p a r a t i o n  a t  0.6s 

Tu rbu len t  s e p a r a t i o n  a t  0.3s w i t h  f l o w  b u f f e t i n g ,  
"Steady" s e p a r a t i o n  a t  0.5s 

Bubble b u r s t ;  complete separa t i on .  

o b s e r v a t i o n  r e l a t e s  t o  t h e  f a c t  t h a t  t h e  r e g i o n  o f  f l o w  r e v e r s a l  

t o  s e p a r a t i o n  cou ld  be ve ry  w e l l  seen i n  t h e  t u f t s  mot ion.  S i m i l a r l y ,  

y developed t u r b u l e n t  boundary l a y e r  f l o w  c o u l d  be i d e n t i f i e d  i n  t h e  t u f t s  

on as a c o n s i d e r a b l e  i nc rease  i n  t h e  f l u t t e r  ampl i tude.  As i n d i c a t e d  by 

t u f t s  behav io r ,  t h e  t u r b u l e n t  boundary l d y e r  s e p a r a t i o n  p o i n t  was n o t  

s t a b l e  w i t h  r e s p e c t  t o  t ime. J u s t  a f t e r  t h e  s e p a r a t i o n  had f i r s t  been 

observed, o s c i l l a t i o n s  o f  t h e  s e p a r a t i o n  l i n e  back and f o r t h  ove r  a t  l e a s t  

one- tenth of  t h e  s u r f a c e  cou ld  be observed. J u s t  p r i o r  t o  separa t i on ,  these 

o s c i l l a t i o n s  grew i n  amp l i t ude  up t o  one q u a r t e r  o f  t h e  sur face.  

A second o b s e r v a t i o n  r e f e r s  t o  t h e  d e t e c t i o n  o f  t h e  l am ina r  s e p a r a t i o n  

I, t h i s  bubble can c l e a r l y  De seen on t h e  a = 6' thermo- 

a l i g h t e r  shade curved s t r i p .  S ince a t  t h e  s e p a r a t i o n  

v a t i v e  o f  t h e  v e l o c i t y ,  8u/3yy, i s  zero,  so i s  t h e  l o c a l  

bubble. I n  F ig .  6. 

graphy a t  0.15s as 

p o i n t  t h e  f i r s t  d e r  



s k i n  f r i c t i o n  c o e f f i c i e n t  c f ,  and a l s o  t h e  heat t i * a n s f e r  c o e f f i c i e n t  h. 

l h e r e f o r e ,  t h e  bubble appears as dn a r e a  of lowcr- . t w p e r c i t u r ~ ? s  due t o  t h e  

lower  l o c a l  c o n v e c t i v e  h e a t i n g  on a cool sur face.  However, i t s  o b s e r v a b i l i t y  

depends on a ve ry  f i n e  t u n i n g  of t h e  " thermal  l e v e l "  knob of  t h e  d i s p l a y  u n i t ,  

which may be d e t r i m e n t a l  t o  t h e  c a p t u r e  J f  o t h e r  fea tu res ,  and may r a i s e  

ques t i ons  w i t h  rega rd  t o  t h e  r e p r o d u c i b i l i t y  under any a r b i t r a r y  c o n d i t i o n s .  

I n c i d e n t a l l y ,  t h e  e x t e n t  o f  t h e  bubble f o r  (I: = 6" can c l e a r l y  be seen i n  t h i s  

case t o  be about 10% o f  t h e  upper su r face .  

A t h i r d  o b s e r v a t i o n  r e l a t e s  t o  t h e  f a c t  t h a t  f o r  steady s t a t e  c o n d i t i o n s  

such as those  under which t h e  photographs i n  Fig.  6.4 were taken,  no s u b s t r a t e  

h e a t i n g  was necessary f o r  enhanced o b s e r v a b i l i t y .  It seems t h a t  t h e  h e a t i n g  

o f  t h e  wind t u n n e l ,  which i n  t h i s  case was l .ZK/minute \vas more t h a n  enough t o  

g e t  a sharp image on t h e  system's d i s p l a j .  Also,  t h e  s u b s t r a t e  chordw se  

h e a t i n g  can be seen t o  have a w e l l  d e f i n e d  and l o c a l i z e d  e f f e c t  (see F g. 

6.4). 

A f o u r t h  o b s e r v a t i o n  r e l a t e s  t o  t h e  s t a l l  ang le  o f  a t t a c k .  For t h e  

p resen t  t e s t  Reynolds number, s t a l l  a t  13" i s  somewhat premature. Hansman and 

C r a i g  (1987) f o r  example r e p o r t  a s t a l l  ang le  o f  14" f o r  t h e  NACA 0012 a t  a 

Reynolds number of 310,000. This  premature s t a l l  c o u l d  be expected cons ide r -  

i n g  t h e  f a c t  t h a t  t h e  a i r f o i l  was p laced  near t o  and spanwise p a r a l l e l  t o  t h e  

wind t u n n e l  w a l l .  Th is  assembly geometry caused t h e  a i r f o i l  t o  o p e r a t e  " i n  

ground e f f e c t "  which has a n e t  e f f e c t  o f  i n c r e a s i n g  t h e  a c t u a l  a n g l e  o f  a t t a c k  

(Rae and Pope, 1984, p .  418). I n  o r d e r  t o  check t h e  c o r r e c t n e s s  o f  t h i s  

assumption, t h e  a i r f o i l  was t e m p o r a r i l y  moved c l o s e  t o  t h e  c e n t e r  o f  t h e  wind- 

tunne l .  A few runs a t  t h e  same Reynolds number showed r e p e t i t i v e l y  t h a t  i n  

t h i s  p o s i t i o n  t h e  a i r f o i l  d i d  indeed s t a l l  a t  14 degrees. 
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A c l o s e r  look a t  Fig.  6.4 p rov ides  more d e t a i l e d  i n s i g h t  and he1;ls 

c o r r e l a t e  t h e  obse rva t i ons  w i t h  t h e  f l o w f i e l d  

c lean,  und is tu rbed  s u r f a c e  o f  t h e  a i r f o i  

thermography i s noted. 

The tt ierrnogrdphies f o r  ( 1  = 0, 2 and 4 

f e a t u r e s .  Fo r  t h i s  purpose, t h e  

i n  t h e  lower  h a l f  o t  each 

degrees c l e a r l y  show two tiedf.ed 

zones. The f i r s t ,  s t a ' r t i n g  a t  t h e  l e a d i n g  edge i s  t h e  e f f e c t  of  t h e  corivei-- 

t i v e  h e a t i n g  under t h e  l am ina r  boundary l a y e r  regime. The second, a long t h e  

t r a i l i n g  edge and e x h i b i t i n g  a curved boundary shape i s  due t o  t h e  e f f e c t  o f  

c o n v e c t i v e  h e a t i n g  under t h e  t u r b u l e n t  boundary l a y e r  regime. J u s t  upstream 

o f  t h a t  curved boundary shape i s  t h e  r e g i o n  where t h e  t r a n s i t i o n  f rom t h e  

l am ina r  t o  t u r b u l e n t  regime takes p lace.  As t h e  ang le  o f  a t t a c k  i s  i nc reased  

f r o m  zero t o  two and f r o m  two t o  f o u r  degrees, t h e  t r a n s i t i o n  r e g i o n  advances 

upstream as expected. The nex t  f ou r  thermographies f rom a = 6' t o  3: = 12" 

d i s p l a y  t h e  f l ow  regime where t r a i l i n g  edge t u r b u l e n t  s e p a r a t i o n  i s  

encountered. The main v o r t e x  r e s u l t i n g  f rom t h e  s e p a r a t i o n  i s  l o c a t e d  i n  t h a t  

area, and s i n c e  t h e  t u r b u l e n t  m i x i n g  t h e r e  i s  q u i t e  v igo rous ,  t h e  n e t  e f f e c t  

i s  t h a t  heat  i s  convected from t h e  freesteam t o  t h e  a i r f o i l  su r face .  I n  o r d e r  

t o  g e t  a v i s u a l  impress ion  about t h e  i n t e n s i t y  o f  t h e  t u r b u l e n t  m i x i n g ,  t h e  

reader  can c o n s u l t  S c h l i c h t i n g  (1968, p. 36) where a v i s u a l i z a t i o n  of a 

separated f l ow  about an a i r f o i l  i s  reproduced f rom P r a n d t l - T i e t j e n s .  The 

v a l u e  o f  t h e  heat  t r a n s f e r  c o e f f i c i e n t  i n  t h a t  area o f  separated f l o w  i s  

d i f f i c u l t  t o  determine. However, measurements made by Schmidt and Wenner (see 

S c h l i c h t i n g ,  1968, p. 298) on c y l i n d e r s  i n  t h e  s u p e r c r i t i c a l  range (Re = 

426,000) show a s i x f o l d  i nc rease  i n  t h e  Nusse l t  number i n  t h e  wake r e g i o n  

immediate ly  f o l l o w i n g  t h e  s e p a r a t i o n  p o i n t ,  r e l a t i v e  t o  t h e  v a l u e  immediate ly  

preceeding t h e  s e p a r a t i o n  p o i n t  i t s e l f .  Th i s  f a c t  e x p l a i n s  a t  l e a s t  q u a l i t a -  

t i v e l y  why t h e r e  i s  a n e t  h e a t i n g  e f f e c t  i n  t h e  r e g i o n  a f f e c t e d  by t h e  
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t r a i l i n g  edge t u r b u l e n t  separatc?d f low.  ?he ther inoyraphies taken a t  u = 6 "  

and 11 = 8" show t i l e  separa t i on  bubble irioving upstrcdnl ,  and reindlrllng sirid11 ds  

l o n g  d s  t h e  f l o w  reinains a t tached  on the  to rward  p a r t  o f  t he  a i r f o i l  (Car r  

e t  a l . ,  1977) .  As t h e  angle of  a t t a c k  i s  f u r t h e r  increased t o  Q = 10" 

and u = 1Z0, t h e  s t a g n a t i o n  p o i n t  moves downward around t h e  l e a d i n g  edge and 

f o l l o w e d  by t h e  bubble,  t hus  g e t t i n g  ou t  o f  t h e  f i e l d  o f  v iew o f  t h e  IK 

imaging camera. As t h e  angle o f  a t t a c k  i s  i nc reased  t o  G' = 13", t h e  s t a l l  

angle i s  reached. However, t h e  s e p a r a t i o n  process i s  n o t  immediate. I t  was 

observed on t h e  t u f t s  mo t ion  t h a t  a t  t h i s  angle o f  a t t a c k ,  t h e  f l o w  was 

ex t reme ly  unsteady, t h e  p o i n t s  o f  t u r b u l e n t  s e p a r a t i o n  v i o l e n t l y  moving back 

and f o r t h  stream-wise b e f o r e  the f l o w  separated i t s e l f  comp le te l y  f rom t h e  

a i r f o i l .  The dynamics o f  t h e  s e p a r a t i o n  appeared as if t h e  separated f l o w  

t r i e d  t o  p e n e t r a t e  i n t o  t h e  a t tached  f l o w  r e g i o n  and "pee l  i t  o f f "  f rom t h e  

sur face.  The s e p a r a t i o n  occu r red  u s u a l l y  spcntaneously ,  w i t h o u t  any change i n  

t h e  d i r f o i l  c o n d i t i o n ,  a f t e r  a very few seconds f rom t h e  moment t h e  a i r f o i l  

reached a = 13O. The h y s t e r s i s  e f f e c t  o f  t h e  reat tachment  was a l s o  c l e a r l y  

seen, a l t h o u g h  no s i n g u l a r  va lue f o r  t h e  reat tachement  ang le  cou ld  be f i x e d .  

It v a r i e d  between 11 t o  '12 degrees. The reat tachment  i t s e l f  was a l s o  preceded 

by ex t reme ly  unsteady f l o w  and s t r o n g  b u f f e t i n g .  U s u a l l y ,  i t  cou ld  t a k e  t h e  

f l o w  t h r e e  t o  f o u r  f a i l e d  a t tempts  u n t i l  i t  managed t a  r e a t t a c h .  These 

f i n d i n g s  a r e  documented i n  Fig.  6.5. Based on t h e  t u f t s  o b s e r v a t i o n ,  i t  can 

be s a i d  o n l y  t h a t  t h e  a i r  mo t ion  i n  t h e  separated f l o w  regimes i s  t h a t  i t  was 

c h a o t i c a l l y  unsteady. 

The exper imen ta l  r e s u l t s  have been compared w i t h  p r e d i c t i o n s  of  t h e  

Eppler code (Epp le r  and Sommers, 1980). T h i s  computer program i s  accepted 

today  as a good code w i t h  rega rd  t o  i n v i s c i d  and v i scous  f l o w  c a l c u l a t i o n s  

about a i r f o i l s .  The code was r u n  a t  a Reynolds number o f  400,000. There i s  



F i g .  6.5 NACA0012 a i r f o i l  ( a )  a t  separation ( b )  a t  reattachement 
incidence. Photographs for each se t  taken f ive  seconds a p a r t  
under identical  conditions. 
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good agreement between t h e  code p r e d i c t i o n  and t h e  exper imen ta l  r e s u l t s  

r e g a r d i n g  t h e  s t a l l  angle.  The code p r e d i c t s  i t  a t  14 degrees, w h i l e  t h i s  

exper iment showed i t  t o  be 13 degrees near t h e  w a l l  and 1 4  degrees i n  t he  

m i d d l e  of t h e  t e s t  s e c t i o n .  A t  angles o f  a t t a c k  below t h e  s t a l l ,  t h e  code 

c o n s i s t e n t l y  u n d e r p r e d i c t e d  t h e  e x t e n t  o f  the t u r b u l e n t  s e p a r a t i o n  as w e l l  as 

i t s  onset.  The exper iment  de tec ted  t h e  s e p a r a t i o n  onset  a t  s i x  degrees (say  

seven degrees t o  account f o r  t h e  wal l  p r o x i m i t y )  w h i l e  t h e  code p r e d i c t s d  i t  

a t  t e n  degrees ang le  o f  d t t d c k .  The degree o f  agreement between t h e  

exper imen ta l  r e s u l t s  and t h e  code p r e d i c t i o n  r e g a r d i n g  t h e  e x t e n t  t o  which t h e  

a i r f o i l  s u r f a c e  i s  a f f e c t e d  by t h e  t u r b u l e n t  f l o w  v a r i e s  w i t h  t h e  ang le  o f  

a t t a c k .  Up t o  f o u r  degrees, t h e  code underp red ic ted  t h e  e x t e n t  o f  t u r b u l e n t  

f l o w  approx ima te l y  by a f a c t o r  o f  two ( f o r  p a r t i a l  suppor t  o f  t h i s  c l a i m  see 

Ladson 1988, p. 90, Fig.  3 0 ( a ) ) .  Fo r  s i x  and e i g h t  degrees, t h e  agreement 

s t a r t s  t o  be ve ry  good (20% t o  10% d e v i a t i o n s )  and f rom t e n  degrees and u p  t h e  

agreement i s  e x c e l l e n t .  These r e s u l t s  a r e  summarized i n  Table 6.1. 

T h i s  c h a p t e r  w i l l  be concluded w i t h  a f i n a l  remark concern ing  t h e  

i n t e r p r e t a t i o n  of t h e  thermographies. Looking a t  F ig .  6.4,  one can observe 

t h a t  t h e  temperature i n f o r m a t i o n  con ta ined  i n  each i n d i v i d u a l  thermography i s  

n o t  enough in o r d e r  t o  a l l o w  a meaningfu l  i n t e r p r e t a t i o n  i n  i t s e l f .  For 

example, t h e  thermography taken  a t  10 degrees a n g l e  o f  attack Lan be 

ambiguously i n t e r p r e t e d  as i n d i c a t i n g  l am ina r  f l o w  w i t h  t r a n s i t i o n  t o  

t u r b u l e n t  f l o w  a t  0.75s, t h e  a c t u a l  case b e i n g  t r a n s i t i o n  t o  t u r b u l e n t  f l o w  

near t h e  l e a d i n g  edge and s e p a r a t i o n  a t  0.75s (The t u f t s  i n d i c a t i n g  t h e  

s e p a r a t i o n  a t  0.65s). However, a sequence of  thermographies , c o v e r i n g  t h e  

whole range Qf angles o f  a t t a c k ,  from zero up t o  s e p a r a t i o n ,  do p r o v i d e  enough 

d a t a  i n  o r d e r  t o  e v a l u a t e  t h e  development of  t h e  boundary l a y e r  regime, f rom 

a lmost  e n t i r e l y  l am ina r ,  through p a r t i a l l y  l am ina r ,  t u r b u l e n t  and separated 

and up t o  f u l l y  separated flow. 
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T d b l e  6.1 T r a n s i t i o n  and separa t i on  s t u d i e s  over  a NACA 0012 
a i r f o i l  a t  d i f f e r e n t  angles o f  a t t a c k :  
exper iment  vs. Epp le r  code (Re, = 400,000) 

__--- 
1 

%urb  Ssepa r a t  ed j s e p s r a t e d  1 
S t u r b  

a t h e  rrnog r a p  hy Epp 1 e r  t u f t s  *Eppl  e r  
~- 

0" 0.2 0.4 0.0 0.0 

2 O  0.3 0.6 0.0 

4" 0.5 0.8 0.0 

60 0.8 1.0 0.2 

8" 0.9 1.0 0.3 

l o o  1.0 1.0 0.4 

1 2 O  1 .o 1.0 0.7 

14" 1.0 1.0 1.0 

0.0 

0.0 

0.0 

0.0 

0.1 

0.5 

0.9 

8 

I 

1 I n  wall p r o x i m i t y .  
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6.5 Sumnary 

The s e p a r a t i o n  s t u d i e s  perfurined on the  NACA 0012 a i r f o i l  showed t h d t  

a luminium f o i l  t u f t s  can be observed w i t h  i n f r a r e d  imaging systems. T h i s  f a c t  

opens t h e  p o s s i b i l i t y  t o  use t h e  i n f r a r e d  imaging system as a f l o w  v i s u a l i z a -  

t i o n  and s u r f a c e  temperature measurement d e v i c e  a t  t h e  same t ime. I n  

agreement w i t h  o t h e r  researchers,  t h e  l am ina r  s e p a r a t i o n  bubble and t h e  

t r a n s i t i o n  were shown t o  be observable w i t h  t h e  IR imaging system. A r a t h e r  

i n t e n s e  and l o c a l i z e d  heat  t r a n s f e r  process i s  seen t o  e x i s t  on t h e  upper 

a i r f o i l  s u r f a c e  under t h e  t u r b u l e n t  separated regime. Both t h e  f l o w  separa- 

t i o n  and t h e  reat tachment  were observed t o  be t ime-dependent phenomena. 

Regarding t h e  complete s e p a r a t i o n  dynamics, t h e  o b s e r v a t i o n  o f  t h e  t u f t s  

behav io r  i n d i c a t e d  a " p e e l i n g  o f f "  e f f o r t  o f  t h e  separated f l o w  r e g i o n  on t h a t  

p a r t  o f  t h e  boundary l a y e r  t h a t  i s  s t i l l  at tached. 



Chapter 7 

CLOSURE 

7.1 Review o f  the Main Results 

The essence o f  t h e  heated w i r e  technique i s  t o  p l a c e  d ve ry  t h i n  and v e r y  

l ong  e l e c t r i c a l l y  heated w i r e  i n  an a i r f l o w ,  t h e  measurement o f  t h e  

temperature d i s t r i b u t i o n  a long t h e  w i r e  w i t h  t h e  I R  imaging camera be iny  a 

d i r e c t  i n d i c a t i o n  o f  t h e  f l o w  speed behavior .  Furthermore, s i n c e  t h e  heat  

conduc t ion  and r a d i a t i o n  a r e  n e g l i g i b l e  compared t o  t h e  convec t i on ,  Nusse l t  

number c o r r e l a t i o n s  can be used t o  c a l c u l a t e  t h a t  d i r f l o w  v e l o c i t y  ccrnponent 

t h a t  i s  p e r p e n d i c u l a r  t o  t h e  wi re.  Th is  exper imenta l  method may be cons ide red  

as n o n - i n t r u s i v e  s ince  t h e  w i r e  end suppor ts ,  and t h e  I R  imaging camera, can 

be p laced  o u t  o f  t h e  f l o w f i e l d .  More i m p o r t a n t l y ,  t h e  w i r e  i t s e l f  i s  v e r y  

long,  ve ry  t h i n  and s l i g h t l y  heated, and t h e r e f o r e  i t  d o e s n ' t  r e a l l y  d i s t u r b  

t h e  f l o w f i e l d  s i g n i f i c a n t l y .  T h i s  method i s  n o t  t o  be confused w i t h  t h e  h o t  

w i r e  technique,  where t h e  suppor t  i t s e l f  i s  immersed i n  t h e  f l o w  a t  t h e  p o i n t  

o f  i n t e r e s t  . 
The heated w i r e  techn ique  was eva lua ted  u s i n g  as a t a r g e t  f l o w  a l a m i n a r  

f l o w  c i r c g l a r  j e t .  T h i s  t y p e  o f  f l o w  produced l a r g e  tempera tu re  g r a d i e n t s  

a l o n g  t h e  w i r e ,  up t o  2200K/m. S t a r t i n g  a t  a temperature g r a d i e n t  o f  about 

350K/m, i t  was observed t h a t  t h e  1R imaging camera has d i f f i c u l t i e s  i n  

p r o d u c i n g  a c c u r a t e  temperature r e s u l t s .  Furthermore, t h e  measurement e r r o r  

grew n o n l i n e a r l y  w i t h  t h e  temperature g r a d i e n t .  It was determined t h a t  t h i s  

phenomenon i s  a s s o c i a t e d  w i t h  t h e  ve ry  n a t u r e  of  t h i s  IR imaging camera and 

p robab ly  has t o  do w i t h  i t s  minimum r e s o l v a b l e  temperature d i f f e r e n c e  

performance (Ohman). The r o o t s  o f  t h i s  behav io r  c o u l d  be t r a c k e d  th rough  t h e  

f i e l d  of  v iew and instantaneous f i e l d  of v iew t o  t h e  s i z e  and t h e  
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c h a r a c t e r i s t i c s  o f  t h p  camera d e t e c t o r  element i t : e l f .  However, t h i s  a c t u d l  

ineasureinent e r r o r  i s  always on t h e  i l e y d t i v e  s i d e  of t h e  o u t p u t ,  i.e., t h e  

readings a r e  dlways l e s s  than  the  t rue  t e m p e r d r i i x .  5 ince  t h e  measurement 

e r r o r  i s  w e l l  behaving w i t h  respec t  t o  t h e  telcperstIJre y r d d i e n t ,  i t  i s  

p o s s i b l e  t o  produce a c a l i b r a t i o n  cu rve  o f  Ihe e r r o r  versus  t h e  temperature 

g r a d i e n t s .  Therefore,  a t  l e a s t  t o  a f i r s t  o r d e r ,  t h e  exper imen ta l  da ta  can be 

c o r r e c t e d  t o  g e t  a temperature d i s t r i b u t i o n  t h a t  i s  c l o s e r  t o  t h e  r e a l i t y .  

Th i s  process can be repeated by t r i a l  and e r r o r ,  u n t i i  t h e  f i n a l  c o r r e c t e d  

temperature d i s t r i b u t i o n  produces such a temperature g r a d i e n t  d i s t r i b u t i o n  

t h a t  when s u b s t r a c t i n g  t h e  e r r o r s ,  corresponding t o  t h e  a d j u s t e d  temperature 

values, t h e  o r i g i n a l  exper imen ta l  d i s t r i b u t i o n  i s  recovered. 

The i n v e r s e  approach o f  u s i n g  t h e  temperature r e a d i n g s  and Nusse l t  number 

c o r r e l a t i o n s  t o  deduce t h e  v e l o c i t y  d i s t r i b u t i o n  of  t h e  j e t  was shown t o  work 

i n  p r i n c i p l e .  Wi th  rega rd  t o  t h i s  approach, i t  was shown how i m p o r t a n t  i t  i s  

t o  work w i t h  accu ra te  data,  because o f  t h e  g r e a t  s e n s i t i v i t y  o f  t h e  v e l o c i t y  

f u n c t i o n  t o  t h e  temperature values. U n f o r t u n a t e l y  , e r r o r  sources i n c l u d e  n o t  

o n l y  t h e  IR imaging system, b u t  a l s o  t h e  hea t  t r a n s f e r  c o r r e l a t i o n s  

themselves. As i t  was found o u t  f rom t h e  l i t e r a t u r e  survey,  t h i s  s u b j e c t  i s  

f a r  from b e i n g  comp le te l y  understood and t h e r e f o r e  t h i s  problem should be 

looked upon f rom t h e  broader  aspect  o f  t h e  c o n v e c t i v e  hea t  t r a n s f e r  

d i s c i p l i n e .  The heated w i r e  concept was a l s o  shown t o  work f o r  more genera l  

f l o w f i e l d s  e.g., c y l i n d e r  wakes i n  wind- tunnel  exper iments,  w i t h  ve ry  

promi s i  ng r e s u l t s .  

I n f r a r e d  imaging thermography has been p r e v i o u s l y  used t o  determine 

c o n v e c t i v e  heat  t r a n s f e r  r a t e s  w i t h o u t  p a y i n g  a t t e n t i o n  t o  t h e  development o f  

boundary l a y e r  f low.  T h i s  work has shown t h a t  i t  i s  p o s s i b l e  t o  t r a c k  t h e  

thermal  boundary l a y e r  development over  d s u r f a c e  by measur ing t h e  su r face  
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temperature d i s t r i b u t i o n  w i t h  the  I R  imdging system. The method was prove' l  on 

a f l a t  p l a t e  a t  ,zero angle o f  a t t a c k ,  s l i g h t l y  heated chordwise a t  a constar i t  

power ra te .  I n  a n a l y z i n g  t h e  exper imen td l  r e s u l t s ,  i t  i s  impor tan t  i n  t h i s  

case t o  accvunt f o r  a l l  o f  t h e  t h r e e  modes o f  heat  t r a n s f e r :  convec t i on ,  

conduct ion and r a d i a t i o n .  Also,  i t  i s  impor tan t  t o  remember t h a t  due t o  t h e  

development o f  t h e  thermal  boundary l a y e r  over  t h e  s u r f a c e  o f  i n t e r e s t ,  t h e  

balance between t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  t h r e e  may change. I n  

genera l ,  t h e  s u r f a c e  temperature d i s t r i b u t i o n  was shown t o  be t i m e  dependent 

even f o r  steady s t a t e  f l o w s ,  due t o  t h e  e v o l v i n g  n a t u r e  of  t h e  s u b s t r a t e  

thermal  c o u p l i n g  w i t h  boundary l a y e r  heat  exchange. There fo re ,  a s i n y l e  

thermography may n o t  be enough i n  o r d e r  t o  e x t r a c t  q u a n t i t a t i v e  d a t a  about t h e  

f l o w f i e l d ,  i.e., a t i m e  sequence i s  requ i red .  T h i s  method was also applied t o  

t h e  mapping of  su r face  temperatures downstream a rearward f a c i n g  s tep  w i t h  

v e r y  good r e s u l t s .  The temperature p r o f i l e  c o r r e c t l y  showed t h e  lowest  heat  

t r a n s f e r  r a t e  t o  occu r  j u s t  a f t e r  t h e  s tep and t h e  h i g h e s t  r a t e  a t  t h e  

l o c a t i o n  o f  t h e  t u r b u l e n t  boundary l a y e r  reat tachment .  T h e r e a f t e r ,  t h e  

i n f l u e n c e  o f  t h e  redevelopment o f  t h e  t u r b u l e n t  boundary l a y e r  cou ld  be 

observed too. 

These exper iments suggest t h a t  t h e  i n f r a r e d  imaging system may serve <IS 

an exper imen ta l  t o o l  f o r  v a l i d a t i o n  of CFD codes s i n c e  t h e  p r e d i c t e d  

temperature d i s t r i b u t i o n  may be c o r r e c t e d  f o r  t h e  d i r e c t i o n a l  em i t tance  

e f f e c t s  of  t h e  r a d i a t i o n .  As a r e s u l t ,  t h e  c a l c u l a t e d  s u r f a c e  temperature 

d i s t r i b u t i o n  as assumed t o  be produced by t h e  IR imaging camera may be 

d i r e c t l y  compared w i t h  t h e  r e s u l t s  o f  an a c t u a l  thermography r e s u l t i n g  f rom an 

exper iment  run  under i d e n t i c a l  c o n d i t i o n s .  Genera l l y ,  i t  i s  e a s i e r  t o  run  

f i r s t  t h e  exper iment and then  t o  run  t h e  codes, s i n c e  d p r e c i s e  t u n i n g  o f  t h e  

exper imen ta l  c o n d i t i o n  may be sometimes an imposs ib le  task .  
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The concept o f  d e t e c t i n 9  lcw s ~ e e d  bounddry l a y e r  t r a n s i t i o n  over  

a i r f o i l s  u s i n g  IR i r m g i n q  systems i s  a b o u t  f i v e  ycdrs  u l d .  The p r e ~ i ( ~ n t  

research extended the  ranye o f  a p p l  i c o t . i o n  t o  tur- t !~ l lent  s t p d r d t i o n  drid l a m i n a r  

coniplete s e p a r a t i o n  as w e l l .  I t  was shown t o  bi l  p o s s i b l e  t o  d e t e c t  t h e  

v a r i o u s  boundary l a y e r  regimes, i .e.,  laminar ,  t r a n s i t i o n  bubble,  t u r b u l e n t  

and separated f l o w ,  a l l  on one thermography imaging a NACR 0012 a i r f o i l  a t  6 

degrees ang le  o f  a t t a c k  i n  ground e f f e c t  a t  a chord Reynolds number o f  

375000. The developmepl o f  t u f t s  t h a t  can b t  observed b o t h  v i s u a l l y  and w i t h  

t h e  IR imaging camera g r e a t l y  enhances t h e  c a p a b i l i t y  o f  t h i s  t o o l  i n  

aerodynamic research,  because t h e  method may se rve  s imu l taneous ly  i n  t h e  

temperature measurment and t h e  v i s u a l i z a t i o n  r o l e s .  Based on t h e  o b s e r v a t i o n  

o f  t h e -  t u f t s  behav io r ,  i t  was seen t h a t  t h e  f l o w  s e p a r a t i o n  and reat tachment  

a re  phenomena t h a t  develop i n  t ime. The f l o w  p r i o r  t o  b o t h  o f  thein i s  h i g h l y  

u n s t a b l e  and unsteady, a phenomenon commonly known as b u f f e t i n g .  Wi th  rega rd  

t o  t h e  mechanism o f  t he  t o t a l  flow separa t i on ,  a l s o  known as l e a d i n g  edge 

l a m i n a r  bubble b u r s t ,  i t  was observed t h a t  t h e r e  i s  a p u l s a t i n g  behav io r  o f  

t h e  t u r b u l e n t  separated boundary l a y e r  f l o w  back and f o r t h  chordwise, t h a t  

t r i e s  t o  " p e e l - o f f ' '  t h e  remain ing p o r t i o n  o f  t h e  a t tached  f l o w  from t h e  

a i  r f o i  1 sur face.  

F i n a l l y ,  t h e  reader  i s  reminded t h a t  t h e  i n f r a r e d  imaging camera i s  

b a s i c a l l y  a d e v i c e  s e n s i t i v e  t o  t h e  number o f  photons o r i g i n a t i n g  f rom t h e  

i ns tdn tdneous  f i e l d  of  view which reach the  d e t e c t o r .  I t  i s  t h rough  t h i s  

mechanism t h a t  t h e  IF! imaging camera o u t p u t  i s  s e n s i t i v e  t o  t h e  su r face  

temperature.  Therefore,  i n  e x t r a c t i n g  q u a n t i t a t i v e  d a t a  f rom t h e  

thermographies i t  i s  i m p o r t a n t  t o  remember t h e  f a c t o r s  t h a t  inay i n f l u e n c e  t h e  

read ings ,  namely e m i t t a n c e  va lues and r e f l e c t i o n s ,  d i r e c t i o n a l  em i t tance  

e f f e c t s ,  depth of f i e l d  and p roper  focus ing  etc .  
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7.2 Recornendat ions for Future Work 

Since mos t  o f  t ' i C  work performed d u r i n g  t h i s  program wds new i n  i t s  

na tu re ,  i t  i s  f e l t  t h a t  each one o f  t h e  v a r i o u s  exper iments r e p o r t e d  herein 

should be r e v i s i t e d ,  c o n c e n t r a t i n g  on one a t  a t ime,  s t r e s s  ng t h e  dep th  

r a t h e r  than t h e  5pan o f  the research. 

The heated i v i re  technique can be a p p l i e d  t o  v i r t u a l l y  any k i n d  ,Jf 

subsonic f l o w  o f  i n t e r e s t .  Boundary l a y e r s  ( l a m i n a r  o r  t u r b u l e n t ) ,  c o n f i n e d  

f l ows ,  f r e e  shear l a y e r s ,  wakes, j e t s  e t c .  can be s t u d i e d  us ing  t h i s  method. 

O f  course, t h e  f i r s t  i t e m  t o  cons ide r  i s  t h e  temperature g r a d i e n t  induced 

e r r o r .  The p r e c i s e  behav io r  o f  t h i s  f u n c t i o n  i s  r e q u i r e d  be fo re  s t a r t i n g  any 

new experiment. I t  should a l s o  be remembered t h a t  each c a l i b r a t i o n  i s  v a l i d  

o n l y  f o r  t he  s p e c i f i c  c o n d i t i o n s  under which i t  was performed. One q u e s t i o n  

t o  be answered i s  whether t h e r e  i s  a p o s s i b i l i t y  t o  produce one u n i v e r s a l  

curve t h a t  w i l l  show t h e  measurement e r r o r  as a f u n c t i o n  o f  t h e  temperature 

change p e r  i ns tan taneous  f i e l d  o f  v iew r a t h e r  than p e r  u n i t  l e n g t h  a t  t h e  

t a r g e t .  Fo r  a r e s o l v e d  t a r g e t ,  t h i s  t a s k  may be easy t o  accompl ish,  and w i t h  

some e f f o r t  i t  may be p 3 s s i b l e  even t o  determine a c o r r e c t i o n  f a c t o r  t h a t  w i l l  

account f o r  v a r i o u s  degrees o f  unresolved t a r g e t s .  One method t o  check t h i s  

p o s s i b i l i t y  i s  t o  map t h e  same t a r g e t  w i t h  v a r i o u s  IR imaging camera ob jec -  

t i v e s ,  t hus  changing bo th  t h e  f i e l d  o f  v iew and i t s  r a t i o  t o  t h e  i ns tan taneous  
I 

f i e l d  o f  view. R e f e r r i n g  t o  t h e  heated w i r e  exper iments,  i t  may be u s e f u l  t u  

know t h a t  t h e  i n f r a r e d  imaging camera may be transformed t o  a one-dimensional  

scanning d e v i c e  by s topp ing  t h e  r o t a t i o n  of  one of i t s  scanning pr isms. By 

s topp ing  t h e  h o r i z o n t a l  p r i s m  f o r  example, i t  i s  p o s s i b l e  t o  ge t  a s c d n n i n g  

r a t e  of 2500 Hz o f  a c e r t a i n  l i n e ,  and t h i s  r a i s e s  t h e  p o s s i b  l i t y  o f  making 

frequency response exper iments u s i n g  t h e  heated w i r e  technique.  



One of t h e  inore s e r i o u s  p r o b l w s  w i t h  t h e  i n v e r s e  approach o f  deducing 

f l o w  v e l o c i t i e s  f r o %  temperature iiieasdreriients i s  t h d t  the heat  t r d n s f e r  r d t e  

i s  g r e a t l y  i n f l u e n c e d  by the f r ee  stream t u r b u l e n c e  l e v e l  ( S c h l i c h t i n g ,  1968, 

p. 299) .  Thus, i t  i s  p o s s i b l e  t o  use a Nussel t  numbei' c o r r e l a t i o n  based on 

t h e  w i r e  d iamete r  and deduce r e s u l t s  based on t h e  assumption t h a t  t h e  f l o w  i s  

l am ina r ,  w h i l e  i n  r e d l i t y  t h e  f l o w  i s  t u r b u l e n t  and behaving d i f f e r e n t l y  w i t h  

respec t  t o  t h e  heat t r a n s f e r  mode. 3ne o f  t h e  problems w i t h  t h e  l am ina r  f l o w  

j e t  exper iment  was t h a t  a t  a d iameter  based p i p e  Reynolds number o f  about 

1000, t h e  f l o w  s t a r t s  i t s  t r a n s i t i o n  t o  tu rbu lence ,  b u t  f u l l y  accomplishes i t  

o n l y  a t  a Reynolds number o f  about 3000 ( B l e v i n ,  1984, p .  231).  The re fo re ,  a 

change i n  t h e  f l o w  v e l o c i t y ,  cou ld  produce d i f f e r e n t  r e s u l t s  n o t  o n l y  because 

t h e  v e l o c i t y  was charlged, b u t  d l s o  because t h e  l e v e l  o f  t h e  t u r b u l e n c e  was 

changed. 

In genera l ,  i t  i s  f e l t  t h a t  t h i s  method i s  v e r y  s d i t a b l e  f o r  hea t  

t r a n s f e r  research ,  such as t h e  i n f l u e n c e  o f  t h e  f rees t rean i  t u r b u l e n c e  l e v e l  , 

o r  t o  s tudy  t h e  p rocess  a t  low Reynolds o r  Grashof numbers. 

Wi th  r e g a r d  t o  u s i n g  sur face thermography f o r  boundary l a y e r  research,  i t  

i s  v e r y  i m p o r t a n t  t o  have agreement between t h e  expected s u r f a c e  thermal  

response and t h e  phenomenon i n v e s t i g a t e d .  A v a r i e t y  o f  p o s s i b i l i t i e s  a r e  

a v a i l a b l e  i n c l u d i n g  t h i n  s k i n  o r  s o l i d  models, t h a t  can be e i t h e r  coo led  o r  

heated p r i o r  t o ,  o r  d u r i n g  t h e  whole d u r a t i o n  o f  t h e  exper iment  i n  o r d e r  t o  

f o l l o w  t h e  development of  t h e  thermal  boundary l a y e r .  

The boundary l a y e r  regime d e t e c t i o n  exper iments shou ld  r e a l l y  c o n c e n t r a t e  

on t h e  s e p a r a t i o n  s i g n a t u r e .  The i n f r a r e d  " v i s i b l e "  t u f t s  method should be 

q u a l i f i e d  a l s o  on f l i g h t  t e s t s ,  a l t h o u g h  some t r o u b l e  c3n be expected i n  t h e  

a i r  because t h e  t u f t s  w i l l  be unresol i jed by t h e  camera. T h i s  f a c t ,  combined 
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w i t h  t h e i r  l o w  emi t tance  may cause t h e  t u f t s  t o  btxorne " i n v i s i b i e "  t o  t he  IR 

imaging camera d u r i n g  f l i g h t  t e s t s .  Regarding t h e  f l i g h t  t e s t s ,  i t  s h o u l d  be 

emphasized t h a t  t h e  u l t i m a t e  goal  i n  deve lop ing  t h i b  exper i inenta l  t o o l  i s  t h a t  

by scanning an d i r p l a n e  wing i n  f l i g h t ,  t h e  t e s t  engineer  w i l l  be a b l e  t o  

determine t h e  n a t u r e  o f  boundary l a y e r  behav io r  a t  a s p e c i f i c  s t a t i o n  i.e., 

l am ina r ,  t u r b u l e n t  or  separated. 

7.3 Conclusions 

The purpose o f  t h i s  s tudy was t o  e x p l o r e  new a p p l i c a t i o n s  i n  which 

i n f r a r e d  imaging systems c o u l d  c o n t r i b u t e  t o  and enhance aerodynamic 

research. Two d i f f e r e n t  exper imen ta l  approaches have been s t u d i e d :  t h e  

heated w i r e  techn ique  and the  s u r f a c e  thermography. The heated w i r e  techn ique  

i s  a completely new approach t o  t h e  s tudy of  f lows w i t h  p o s i t i o n  dependent 

v e l o c i t i e s  such as j e t s ,  boundary l a y e r s ,  shear f lows,  wakes e t c .  A 

s i g n i f i c a n t  f i n d i n g  enabled t h e  measurement e r r o r  t o  be rep resen ted  as a 

f u n c t i o n  o f  t h e  temperature g r a d i e n t ,  arid p r o v i d e d  a method o f  c o r r e c t i o n  f o r  

t h e  exper imen ta l  r e s u l t s  i n  o r d e r  t o  get  t h e  a c t u a l  temperature d i s t r i b u t i o n .  

The use o f  s u r f a c e  thermography was extended t o  research  on boundary l a y e r  

f l o w  d e t e c t i o n  spanning a l l  t h e  v a r i o u s  f low regimes; l am ina r ,  t r a n s i t i o n a l ,  

t u r b u l e n t  and separated, and f o r  t h e  s tudy o f  separated f l o w s  f o l l o w i n g  a 

backward f a c i n g  step. I n  o r d e r  t o  c o n f i r m  t h e  thermographic  r e s u l t s ,  a 

v i s u a l i z a t i o n  method was developed u s i n g  t u f t s  d e t e c t a b l e  by t h e  I!? imaging 

camera, t hus  making t h i s  system a simultaneous, temperature measurement as 

w e l l  as a f l o w  v i s u a l i z a t i o n  t o o l .  
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Appendix A 

APPENDIX TO CHAPTER 4: THE LAMINAR FLOW JET EXPERIMENT 

Al: Error Calculations 

These c a l c u l a t i o n s  i g n o r e  t h e  e r r o r s  that. may o r i g i n a t e  i n  t h e  camera's 

d i f f i c u l t y  t o  t r a c k  h i g h  temperature g rad ien ts .  

1. Wire temperature read-outs  f rom Disco I I .@ 

( a )  Due t o  u n c e r t a i n t y  o f  t h e  ambient temperature 

fiTw = 0.3OC  AT^ = 0.05OC 

( b )  Due t o  emi t tance  i n p u t  accuracy ( t h r o u g h  t h e  t r a n s m i t t a n c e  f a c t o r  i n  

Disco 11). The t r a n s m i t t a n c e  l a s t  s i g n i f i c a n t  d i g i t  i s  1%. A 

t r a n s m i t t a n c e  d i f f e r e n c e  o f  0.5% i m p l i e s  a 

 AT^ = 0.2OC 

( c )  Due t o  temperature induced changes i n  t h e  sur face emi t tance  - unknown 

i n  n a t u r e  

( d )  Due t o  improper focus ings  - p r a c t i c a l l y  zero. 

( e )  Due t o  t h e  AGA i n f r a r e d  camera accuracy 

There fo re :  

hTW = 0.2OC 

J- 2 
ATw = 0.9' + 0.2 + 0.Z2 = 0.9OC 
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2. Mean j e t  v e l o c i t y  assumed a t  a c e r t a i n  p o i n t  ( p i x e l )  

( a )  Due t o  u n c e r t a i n t y  i n  t o t a l  p ressu re  and temperature measureilients 

ahead o f  t h e  son ic  nozz le:  

Au = 0.09 m/sec. 

Note: The t o t a l  temperature induced e r r o r  i s  2 o r d e r s  o f  magnitudes 

l ower  than t h a t  induced by t h e  p ressu re  e r r o r .  Tne p ressu re  e r r o r  

has t h r e e  c o n t r i b u t i o n s :  

i) read ing  accuracy f 1 p s i g  

i i )  

iii) 

pressu re  f l u c t u a t i o n s  t 1 p s i g  

Gage accuracy ;;sumed a 3% i.e., f 0.9 p s i g .  

A l t o g e t h e r  t h i s  accounts f o r  2 1.68 ps ig .  

( b )  Due t o  u n c e r t a i n t y  i n  t h e  

Au = 0.02 m/sec 

( c )  Due t o  t h e  camera's reso 

computer 's  screen)  

AU = 0.36 m/sec 

The ref o r e  : 

n o z z l e ' s  d i scha rge  c o e f f i c i e n t  1%: 

u t i o n  ( t r a n s l a t e s  i n t o  h a l f  a p i x e l  on t h e  

Au = '(0.09)' + (0.02)' + (0.36)' = 0.37 m/sec 

3. ( a )  E r r o r  i n  t h e  c a l c u l a t e d  temperature p r o f i l e  due t o  v e l o c i t y  

u n c e r t a i n i t i e s :  +1% from t h e  a b s o l u t e  temperature i n  deg K. 

( b )  E r r o r  i n  deduced v e l o c i t y  from temperature measurements: +151 f rom 

t h e  l o c a l  v e l o c i t y .  
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The e r r o r  i n  t h e  c a l c u l a t o d  temperature WJS es t ima ted  w i t h  da ta  f ro in  

exper i i i ient  #3 w i t h  AU =: 0.37 nn!sec. The e r r o r  i n  t h e  deduced v e l o c i t y  

was es t ima ted  i n  t h e  same way w i t h   AT^ = 0.9K. 

4. The r e l a t i v e l y  h i g h  e r r o r s  encountered i n  t h i s  exper iment should be 

c r e d i t e d  i n  t h e i r  g r e a t e s t  p a r t  t o  the  purpose o f  t h e  exper iment,  t h a t  was 

t o  e v a l u a t e  t o  what e x t e n t  t h ?  IR imaging system can d e t e c t  r e l a t i v e l y  

n i g h  temperature changes t h a t  occur over  a smal l  p o r t i o n  o f  t h e  camera 

f i e l d  o f  view. When viewed i n  t h i s  l i g h t ,  t h e  system's performance i s  

q u i t e  s a t i s f a c t o r y .  Th i s  f a c t  can be b e t t e r  understood by r e c o n s i d e r i n g  

t h e  magnitude o f  t h e  e r r o r  induced by t h e  u n c e r t a i n t y  i n  d e t e r m i n i n g  t h e  

e x a c t  l o c a t i o n  o f  t h e  measured spot ( t h e  " h a l f  p i x e l "  u n c e r t a i n t y ,  see 

i t e m  above). I f ,  f o r  example, t h e  j e t  would have been mapped a long t h e  

whole w i d t h  o f  t h e  f i e l d  o f  v iew o f  t h e  I R  imaging camera, t h i s  e r r o r  

c o u l d  be reduced by an o r d e r  o f  magnitude. Th is  of  course, would r e q u i r e  

a d i f f e r e n t  o b j e c t i v e  lens.  

5. The e r r o r  i n  d e t e r m i n i n g  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  co re  f l o w  

of  t h e  j e t  v a r i e d  between 2.8% on t h e  c e n t e r l i n e  and 12.5% near t h e  

wall. Accord ing  t o  t h e  manufc tu rer ' s  s p e c i f i c a t i o n s ,  t h e  P i t o t  s t a t i c  

t u b e  may induce an e r r o r  o f  +2%. The r e s t  o f  t h e  e r r o r  o r i g i n a t e s  i n  t h e  

accuracy of r e a d i n g  of t h e  d i f f e r e n c e  between t h e  water  columns i n  t h e  U- 

shaped manometer (20.5 mm). 

A2: Miscellaneous Calculations 

(1) R a d i a t i o n  l o s s e s  e s t i m a t i o n :  

a = E = 0.05 



E = cn(T; - Ta 4 ) A  = 0 . 0 5 ~ 5 . 6 6 8 ~ 1 0 - ~  ( 3 7 3  4 4  -293 ) *  71 7 . 6 2 ~ 1 0 - ~ x 1 . 0  

= 0.008 w/m l e n g t h  o f  w i r e .  

( 2 )  Conduct ion losses e s t i m a t i o n  ( p e r  p i x e l  d i s t a n c e )  f o r  . 
= 9.33 w/m (maximurn h e a t i n g  r a t e ) :  qe lec 

1 p i x e l  a t  0.5 m focus = 1.154 mm. 

1 4 = - k4[grad Tx - grdd T 1 ~ 

2 x1 1-2 

x (mm) 2 
T( OC) = 78.1 - 10.2 COS[ X I  ; ( r  = 98.3%; CY = 1K) 

12.694 

x(mm) X ]  ( K / m )  -) s i n [  
12.694 

II 
grad T = 10.2 ( 

1 2  . ~ w M o - ~  

. n -5 TI 1 2 

AQ = 50 - C7.62~10 ] ~ 1 0 . 2  [ 0.989-0.910 ] 
-3 -3 

1 .154~10 
4 

conduc t ion  12.694~10 
max 

= 3.97x10-‘ w/m l e n g t h  o f  w i r e  

( 3 )  The f r e e  c o n v e c t i o n  e s t i m a t i o n s  Nere based on Kays and Crawford (1980) p. 

328: 

0.6 -5/12 
NU = 0.518 [I  - (-T, 0.599) 1 ( G r D  P r ) ’ / 4  

w i t h  t h e  c o r r e c t i o n  f o r  t h i c k  boundary l a y e r  compared t o  t h e  c y l i n d e r  

d i  amet e r  

2 
I n  ( 1  + 2/Nu) 

i u  = 
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The t ranscenden ta l  Eqs. f o r  AT assuming = 323K i s  
f 

2 2 
AT = 887 i I n  11 t -- --J 0.25 

0.029 ( AT ) 
( A . 3 )  

where i t h e  e l e c t r i c a l  c u r r e n t  i n  Amperes. 

( 4 )  The c o e f f i c i e n t  o f  d e t e r m i n a t i o n  r2 ( a d j u s t e d  f o r  degrees o f  freedom) i s  

g i v e n  b y :  

( A . 4 )  , ' = I -  Sum of  squares of  t h e  r e s i d u a l s  / ( n - p )  
Sum of  squares of  t h e  t o t a l  va lues  / ( n - 1 )  

where n i s  t h e  degrees o f  freedom and p i s  t h e  number o f  t h e  c o e f f i c i e n t s  

f i t  i n  t h e  r e g r e s s i o n  equat ion.  

( 5 )  C a l c u l a t i o n  o f  t h e  p r e d i c t e d  w i r e  temperatures i n  Figs.  4.6 and 4.7 and 

o f  t h e  deduced v e l o c i t y  p r o f i l e s  i n  Figs. 4.10, 4.11 and 4.12. 

The c o r r e l a t i o n  (Eq. 4.1) 

0.384 Nu = 0.795 Re 

can be e x p l i c i t l y  w r i t t e n  

0.384 h d  

a 
= 0.795 (-) ' 

a V 

where h i s  t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  d i s  t h e  w i r e  d iamete r ,  ka i s  

t h e  c o n d u c t i v i t y  o f  t h e  a i r ,  U i s  t h e  l o c a l  v e l o c i t y  o f  t h e  a i r  

and va i s  t h e  k i n e m a t i c  v i s c o s i t y  o f  t h e  a i r .  

- T a i r  D e f i n i n g  AT = Twire 

and . 
h = &  
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2 where 4 i s  t h e  heat generated pe r  u n i t  l e n g t h  o f  w i r e  (9'  = i R )  and A i s  

t h e  c i r c u m f e r e n t i a l  area o f  t h e  w i r e  pe r  u n i t  l e n g t h  ( A  = d), on(? g e t s  

" Oo384 -0.384 
AT = ;I[$) 0.79571 ka U ( A . 7 )  

T h i s  fo rmu la  was used as i s  t o  deduce a i r  v e l o c i t i e s  frorn t h e  w i r e  

temperature measurements ( F i g s .  4.10-4.12). To p r e d i c t  t h e  w i r e  

temperatures i n  F i g s .  4.6 and 4.7, t h e  v e l o c i t y  p r o f i l e  was assumed t o  

have a p a r a b o l i c  d i s t r i b u t i o n :  

where Umax i s  t h e  c e n t e r l i n e  v e l o c i t y  of t h e  a i r  i n  t h e  p i p e  and has 

t w i c e  the va lue  o f  t h e  mean velocity. 

A3: Approximating Functions f o r  the Wire 
Temperature Distr ibut ions 

Assuming a cos ine  f u n c t i o n  approx imat ion f o r  t h e  temperature v a r i a t i o n  

w i r e ,  w i t h  t h e  maximum temperatures o c c u r r i n g  a t  X = 0 , n  ( 0  and 2 n  

( d 2  r a d i a n s ) ,  t h e  tempera- 

a long  

r a d i a n s  r e s p e c t i v e l y ) ,  and t h e  minimum a t  X = R/2 

t u r e  p r o f i l e  can be approximated by:  

t h e  

In Figs. 4.6 and 4.7, ze ro  r a d i a n s  correspond t o  p i x e l  #-11, x r a d i a n s  t o  

p i x e l  #0, and 2n rad ians  t o  p i x e l  #11. There fo re  

(A. 10)  T l  2 m. grad T ( x )  = -(Tmax- Tmin) 7 s i n  - R 

The e v a l u a t i o n  f o r  t h e  f o u r  exper iments i s  g i v e n  i n  Table A . l  below. 
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Table A . l  Approximat ing f u n c t i o n s  f o r  t h e  w i r e  t empera tu re  
d i s t r i b u t i o n  and temperature g r a d i e n t  

-- _-- -.-- - 
T ( X )  grad T ( X )  
"C K/m 

Experiment 4 
# w/ m 

TLX 7cX 1 3.47 43.6 t 4.6 cos % - 1135.4 s i n  z$- 
2 nx - 1311.7 s i n  - 2 T X  

R 
53.4 f 5.3 cos - R 2 4.71 

3 

4 

6.17 

9.33 

2 TIX 
C O S  - R 61.7 -t 7.7 

2 TLX 77.7  +- 9.5 cos - II 

2 XX - 1905.6 s i n  - R 
270( - 2351.1 s i n  - R 

,t = 0.0254 m 
AX = 0.0.01154 m (1  p i x e l )  
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APPENDIX TO CHAPTER 5: TH€ FLAT PLATE EXPERIMENT 

B1: Error Calculations 

1.1 Surface temperature read-outs  f rom D isco  11 ( s o f t w a r e  package f o r  IR d a t a  

r e d u c t i o n  ) 

( a )  Due t o  u n c e r t a i n t y  o f  t h e  ambient temperature,  p r a c t i c a l l y  

zero ( A T  CD <<   AT^). 

( b )  Due t o  u n c e r t a i n t y  o f  em i t tance  va lue.  

A& = 0.02  AT^^ = 0.6OC 

( c )  Due t o  temperature induced changes in t h e  s u r f a c e  emi t tance  - 

unknown i n  na tu re .  

( d )  Due t o  unproper f o c u s i n g  - p r a c t i c a l l y  zero.  

( e )  Due t o  t h e  AGA camera r e s o l u t i o n  

 AT^ = 0.2OC 

( f )  Due t o  e r r o r  i n  l o c a t i o n  

 AT^ = 0.15OC 

Therefore,  

ATw = '0.6' + 0.2' + 0.15' = 0.65"C 



1.2 E r r o r  o f  %he s l o p e  o f  :> vs x '/' (mean v a l u e )  

2 x  0.65 OC 
= 6.5 -- d (-1 A = 

1/2, 0.4 - 0.2 1/2 
d b  m 

1.3 E r r o r  o f  v e l o c i t y  measurement 

Es t ima ted  a t  2% 

aU = 21 '< 0.02 = 8.42 m/sec 

1.4 E r r o r  i n  t h e  ( c a l c u l a t e d )  convected heat  f l u x  ( w o r s t  case) ;  

" 
1/3 u1/2 

do k P r  - 
1 /2  d ( P 2 )  2.2019 v 

qo - 

0.42) 
- 0.02709 0.709 112 50.07 

2 20.9 

1/3 

2.2019 (16.95 x 10 1/2 
(20.9 6.5 + 

-6 ilz 
) 

W 

m 
= 2.66 (29.72 + 2.3) = 85.2 7 

Thi,s i s  about one f i f t h  o f  t h e  mean convected h e a t - f l u x  va lue  and i t  

comes almost e n t i r e l y  f rom t h e  e r r o r  i n  temperature measurements, which 

o r i g i n a t e  i n  t h e  u n c e r t a i n t y  o f  the emi t tance  va lue  (see i tems 1.1 and 1.2 

above). This i s  a w e l l  known d i f f i c u l t y  and i s  d i scussed  i n  Sparrow and Cess 

(1978). 

82: Misce; laneous Calculations 

1. De te rm ina t ion  o f  t h e  temperature d i s t r i b u t i o n  a long  a f l a t  p l a t e  i n  t h e  

l am ina r  boundary l a y e r  regime w i t h  cons tan t  heat  f l u x ,  e q u a t i o n  (5.1). 

S t a r t i n g  f rom equa t ion  (3-39)  i n  Kays and Crawford (1980) 
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. c 1 
0 X '  X 

f o r  q l ' ( c )  = const ,  and w i t h  y = 2. dy = - d e  t h e  i n t e g r a l  becomes 

'I4) and t h e  i n t e g r a l  dy + dy = - dz (y 
4 
3 

314 3 - 114 
Now z = y and dz = y 

becomes 

, we g e t  f o r  n -1  r (m)  r ( n )  
Since p (m,n) = zm- ' ( l -z)  dz = pl(rn,n) = 1 0 r( m+n) 

I t h e  i n t e g r a l  

1 
m = l -  1 1 -1 1 - -1 1 

4x 1 
- J o ( l - z ) T  3 z 3 dz n = -  3 3 (B.4) 

I n s e r t i n g  t h i s  v a l u e  f o r  t h e  i n t e g r a l  i n  (6.1) and d e f i n i n g  

o ( x )  = T o ( x )  - TclD one g e t s  

. I1 

qO - 113 Re- 112 
O ( X )  = 2.2019 - x P r  k 

which i s  p r e c i s e l y  e q u a t i o n  (5.1). 

2. C a l c u l a t i o n  o f  t h e  v e l o c i t y  boundary l a y e r  t h i c k n e s s .  

F o l l o w i n g  S c h l i c h t i n g ,  (1968) p .  26, t h e  l a m i n a r  v e l o c i t y  boundary 

I l a y e r  t h i c k n e s s  can be w e l l  approximated by 
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6 = 5 Rex - ' /* x o r  

v 1 / 2  1 / 2  
6 = 5(-) X 

U 

The numerical value f o r  t h i s  experiment was calculated according t o  

6(m) = 0.004375 [ x ( m ) ] ' / *  (B.7) 
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